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ABSTRACT 


This  report  presents  a  comprehensive  study  of  the 
ion  plating  process.  The  dominant  physical  mechanism  are 
discussed  in  details.  The  fundamentals  of  the  technique  as 
well  as  the  ion  -  solid  interactions  are  studied. 

Factors  affecting  bonding  and  adhesion  are  reviewed. 
Experimental  study  of  nucleation,  growth,  atomistic  mixing 
and  interface  formation  is  presented. 

Both  qualitative  and  quantitative  test  results  on  adhesion 
are  reported;  and  optimum  processing  conditions  are  concluded 

Experimental  investigations  of  other  characteristics  inclu¬ 
ding  tribological  properties  are  also  summarized. 
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I-  INTRODUCTION 


The  material  of  every  engineering  component  must 
fullfil  two  basic  functions.  These  are:  the  structural 
function  such  as  strength,  flexibility  and  rididity  and 
the  surface  function  such  as  low  wear,  corrosion  and  fric¬ 
tion  or  any  other  optical,  thermal  and  electrical  functions. 
Surface  coatings,  therefore,  provide  the  designer  with  a 
good  apportunity  to  decouple  these  functions,  and  select  a 
base  metal  for  cost  and  structural  reasons  without  much 
concern  for  the  required  surface  properties.  The  surface 
function  may  then  be  subsequently  fullfiled  at  a  later 
stage  in  the  design  process  by  proper  selection  of  coating 
materials  and  techniques. 

When  a  coating  is  applied  to  a  surface,  the  appli¬ 
cation  method  determines  the  bonding  strength  and  adherence. 
These  are  generally  reflected  on  the  effectiveness,  use¬ 
fulness,  durability  and  life  of  the  coating  itself. 

Ion  plating  (1-10)  is  a  recently  explored  technique 
which  surpass  the  conventional  methods  of  sputtering,  gas 
and  vacuum  depositions.  Outstanding  adhesion  through  grad¬ 
ed  interface,  unique  film  thickness  uniformity  and  good 
control  of  film  structure  are  frequently  claimed  for  the 
ion  plated  coatings.  However,  at  the  begining  of  this 
project,  the  ion  plating  technology  was  still  at  different 
stages  of  development.  For  example  research  efforts  were 
directed  towards  Increasing  the  ionization  efficiency  and 


deposition  rates.  The  values  quoted  for  both  ionization 
efficiency  and  Ion  energy  were  rather  speculative.  The 
process  was  not  optimized  or  fully  characterized.  The 
mechanism  of  adhesion  was  not  well  identified,  and  the  role 
played  by  various  process  parameters  was  ill  defined. 

Therefore,  the  project  was  designed  to  look  into 
the  adherence  and  bonding  mechanisms  of  ion  plating  with 
particular  reference  to  the  role  played  by  different  phases 
of  the  process  and  processing  parameters.  Furthermore,  a 
study  of  the  characteristics  of  the  ion  plated  films  such 
as  uniformity,  grain  size,  and  mechanical  properties  was 
included.  Before  signing  the  contract  however,  applications 
on  friction  and  weat  were  included  upon  a  request  from  ERO. 

The  project  was  therefore  performed  in  five  major 
phases,  with  each  phase  devided  into  a  number-of  minor  tasks 
This  report  is  therefore,  devided  into  the  following  four 
major  sections  : 

1-  Fundamentals  of  ion  plating 

2-  Adhesion  and  bonding  of  ion  plated  coatings 

3-  Characteristics  of  ion  plated  coatings 

4-  Friction  and  wear  of  ion  plated  coatings. 


CHAPTER  1 


ION  PLATING  FACILITY  AND  PROCEDURE 


1  -1  Introduction 

In  1963  Mattox  introduced  a  technique  of  physical 
vapour  deposition  which  he  called  "ion  plating"  (1). 

Mattox  compared  the  energy  of  deposition  for  both  the 
sputtered  and  vacuum  deposited  coatings  and  related  these 
energies  to  the  experimental  findings  that  sputtered  coat¬ 
ings  are  usually  more  adherent  than  the  vacuum  deposited 
coatings.  He  then  attempted  to  increase  the  kinetic  energy 
of  the  depositing  particles  further  by  a  glow  discharge 
process  inorder  to  further  improve  the  addesion.  He  de¬ 
monstrated  that  the  ion  plated  coatings  had  excellent  ad¬ 
hesion  and  this  was  attributed  to  the  high  energy  of  de¬ 
position. 

The  view  implicit  in  most  of  the  early  papers  (1, 
11,12)  was  that  substantial  proportion  of  the  evaporated 
atoms  were  ionised  in  the  glow  discharge  and  arrived  at  the 
substrate  with  the  maximum  energy  (i.e.  5  Kev  for  a  - 
5KV  bias).  A  number  of  estimates  of  the  efficiency  of 
ionization  in  the  process  have  been  made  (1,11,12).  These 
vary  from  a  low  value  of  0.1%  (11,12)  to  a  high  value  of 
90%  (1).  Most  of  the  high  values  (>  30%)  were  based  on 
the  ratio  of  film  thickness  at  the  back  surface  to  that 
on  the  front  surface.  They  assumed  that  the  back  surface 
coating  resulted  only  from  ions  following  the  field  lines, 


whereas  that  on  the  front  surface  resulted  from  deposition 
of  both  ions  and  neutrals. 


A  tremendous  amound  of  work  was  soon  published  on 
the  structure  and  morphology  of  the  ion  plated  coatings  as 
prepared  for  specific  engineering  applications.  These  will 
be  reviewed  in  the  relevant  sections  of  the  report. 

1 -2  Ion  Plating  Apparatus 

Fig. 1.1  shows  a  schematic  layout  of  a  conventional 
ion  plating  apparatus  which  was  used  in  the  present  work. 
The  main  part  of  the  equipment  comprises  a  conventional 
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vacuum  system.  A  10  nr/hr  rotary  pump  is  used  to  rough  out 
the  vacuum  chamber  from  atmospheric  pressure  and  down  to 
100  pm  Hg,  before  the  diffusion  pump  is  operated.  The 
same  pump  is  then  used  to  back  a  1100  L/sec  oil  diffusion 
pump  during  the  subsequent  pumping  of  the  chamber.  A 
self  protection  magnetic  valve  is  used  on  the  backing  line 
with  automatically  controlled  thermal  protection  system 
and  mimic  display  of  operation  and  warm  up  sequence.  A 
baffle  valve  including  electrically  operated  throttling 
device  used  in  conjunction  with  two  controlled  gas  inlet 
systems  is  used  to  control  the  rate  of  pumping  during  de¬ 
position.  A  liquid  nitrogen  cold  trap  is  also  used  to 
condense  the  oil  vapour  resulting  from  back  streaming  from 
the  diffusion  pump.  Two  more  traps,  (a  sorption  and  dis- 
cant),  are  used  in  connection  with  the  rotary  pump  to  ab¬ 
sorb  water  vapour  and  volatiles  from  the  system.  Two 


Pi  rani  gauge 


variable  leak  valves  of  needle  type  with  flow  meters  are 
provided  for  admission  of  the  discharge  gas  mixture. 

Complete  vacuum  measurement  system  with  3  pirani 
gauges  and  one  penning  gauge  are  used  to  monitor  the  vacuum 
system.  The  vacuum  chamber  is  a  stainless  steel  cylinder 
40  cm  diameter  and  30  cm  high,  with  a  viewing  glass  window. 
A  stainless  steel  top  plate  is  bolted  to  the  cylinder  and 
hooked  to  an  electrically  operated  mechanical  hoist.  The 
base-plate  however  is  16  cm  diameter  stainless  steel  plate 
with  12  leadthrough  positions.  The  chamber  houses  two 
electrodes  one  of  which  is  a  watercooled  negatively  biased 
substrate  support  connected  to  a  6KV  DC  HT  Supply  of  1  KW. 
The  other  being  the  anode  is  connected  to  the  evaporation 
filament.  Two  independent  2  KVA  Low  tension  supplies  were 
routed  to  two  pairs  of  watercooled  electrodes  which  support 
two  evaporation  sources,  with  associated  source  shutters. 

A  150  U  RF  ion  plating  supply  and  matching  network  is  also 
included  for  coating  non-metallic  substrates.  A  quartz 
crystal  film  thickness  monitor  is  also  housed  in  the  chambe 

1  - 3  Ion  Plating  Procedure 

The  usual  plating  procedure  is  as  follows.  The  pre¬ 
cleaned  sample  is  connected  to  the  H.T.  electrode  and  a 
measured  amount  of  coating  material  is  placed  in  the 
filament  boat.  The  chamber  is  then  evacuated. to  a  pressure 
of  10-5  torr  or  better.  A  constant  pressure  (typically 


between  10-50  m  torr)  of  argon  may  then  be  maintained  by 
partially  closing  the  baffle  valve  and  opening  the  argon 
needle  valve.  The  bias  supply  is  then  adjusted  to  the 
required  level,  usually  between  2  to  5  KV. 

Under  these  conditions  an  abnormal  glow  discharge 
is  struck  between  the  earthed  parts  of  the  apparatus 
and  the  sample  (cathode).  The  sample  is  bombarded  by  the 
positive  ions  formed  in  the  discharge,  resulting  in  the  re¬ 
moval  of  oxides  and  other  contominants  from  the  substrate 
surface,  (Sputter  etching  phase). 

When  the  sample  is  sufficiently  clean  the  vapour 
source  is  energised  and  the  metal  vapour  enters  the  dis¬ 
charge  Electron-atom  collisions  ionize  some  of  the  vapour 
atoms,  and  may  also  result  in  some  metastables  and  nega¬ 
tively  charged  atoms,  (negative  ions).  When  the  metal  ions 
reach  the  cathode  dark  space  they  are  accelerated  by  the 
high  field  towards  the  substrate  surface.  Due  to  gas  scat¬ 
tering,  subsequent  collisions  take  place  and  the  scatter¬ 
ed  vapour  atoms  share  the  energy  of  the  ions  by  atom-ion 
collisions.  The  final  deposit  is  therefore  the  result  of 
deposited  high  energy  atoms  and  accelerated  ions. 

When  the  film  material  is  fully  evaporated,  the  high 
tension  field  is  switched  off  and  the  sample  is  left  to 
cool  down  in  vacuum. 


Unless  otherwise  stated  the  specimens  used  in  the 
present  study  were  copper  specimens  5  cm,  square  and  5  mm 
thick. 

The  specimens  were  first  polished  by  silicon  car¬ 
bide  paper  of  22o,  32o,  4oo  and  600  grit.  Final  polishing 
was  then  done  by  diamond  wheels  using  6  and  1  microne  dia¬ 
mond  paste.  Water  rinse,  alcohol  cleaning  and  air  drying 
were  subsequently  made  before  sputter  cleaning  the  sur¬ 
face  in  the  ion  plating  apparatus. 

1 -5  Film  Thickness  Measurement 

Quartz  crystal  film  thickness  monitor  was  used  to 
predict  the  average  coating  thickness  on  flat  specimens 
during  deposition.  For  curved  surfaces,  however,  a  small 
cube  (1  cm  each  side)  was  mounted  with  the  component  to 
be  coated  and  subsequently  used  for  sectioning  and  thick¬ 
ness  measurments  on  optical  microscope.  Thin  films  on  the 
real  substrates  were  also  used  for  measuring  film  thickness 
by  x-ray  diffraction  (5). 

1 -6  Ion  Plating  Conditions 

Unless  otherwise  stated  in  the  following  sections. 


the  ion  plating  conditions  are  as  follows  : 


a)  Sputtering 

Substrate  sputter  cleaning  is  made  at  15  ym  Hg 
and  5  KV  for  about  20  minutes. 

b )  Ion-plating_ 

The  gas  discharge  during  deposition  is  maintained 
at  3  KV  with  an  average  gas  pressure  of  10  ym. 

c )  |vaggratign_rate 

The  average  evaporation  rate  under  normal  condi¬ 
tions  is  maintained  at  30  mg/s. 


CHAPTER  2 


FUNDAMENTALS  OF  ION  PLATING 


2-1  Introduction 

The  term  ion  plating  is  now  established  in  refering 
to  atomistic  deposition  process  in  which  the  substrate  is 
subjected  to  a  flux  of  high  energy  species  in  a  gas  dis¬ 
charge,  which  is  sufficient  to  cause  appreciable  sputtering 
before  and  during  film  deposition.  The  gas  discharge  also 
provides  some  means  to  maintain  reasonably  high  energy  for 
the  depositing  particles. 

A  number  of  physical  mechanisms  need,  therefore,  to 
be  discussed  before  considering  the  adhesion  mechanism  of 
the  ion  plated  coatings. 

2-2  Collision  Process 

During  the  sputter  cleaning  phase  of  the  process, 
some  of  the  inert  gas  atoms  (G)  are  ionized  (G+)  by  elec¬ 
tron-atom  collision  and  accelerated  across  the  dark  space 
to  the  substrate  surface.  Many  of  these  ions  (G+)  become 
high  energy  neutrals  by  charge  exchange  process  (9).  The 
non-ionized  gas  atoms  may  suffer  elastic  collisions  and  be 
scattered  to  all  exposed  surfaces  in  the  chamber.  The  high 
energy  species  hitting  the  substrate  may  become  incorporat¬ 
ed  into  the  surface,  or  be  neutralized  and  reflected  back 
in  the  form  of  energetic  neutrals  or  metaslables  (G+), 


causing  secondary  electron  emission  (e  )  and  sputtering  of 
the  substrate  atoms  (S).  The  sputtered  atoms  (S)  may  de¬ 
posit  in  other  portions  of  the  chamber,  scatter  back  to 
the  substrate,  or  ionize  by  electron  or  metastable  colli¬ 
sions  and  accelerate  back  as  a  positve  ion  (S+)  to  the  sub¬ 
strate. 

When  film  atoms  are  liberated  from  the  heated  fila¬ 
ment,  a  number  of  possibilities  may  happen  to  them.  They 
may  be  1)  scattered  back  to  the  source  or  any  other  por¬ 
tions  of  the  system,  2)  ionized  by  a  simple  collision 
process  or  by  cumulative  ionization,  or  3)  collide  with 
each  other  in  the  gas  state  and  nucleate  into  fine  par“ 
tides  (molecules)  of  the  order  of  100  A0  and  apparently 
assume  a  negative  charge  in  the  plasma  (9,13).  As  the  film 
atoms  and  ions  begin  to  deposit,  some  of  the  energetic 
species  penetrate  into  the  substrate  surface,  some  are  scat 
tered  back  after  sputtering  some  of  the  substrate  atoms  (S) 
and  some  may  become  neutralized  on  the  substrate  surface 
and  remain  there  to  begin  film  formation.  The  scattered 
back  species  of  the  film  and  substrate  materials  may  be 
rescattered  back  to  the  substrate,  lost  in  other  parts  of 
the  system,  or  ionized  and  accelerated  back  to  the  subst¬ 
rate.  Fig. 2.1  shows  the  physical  processes  which  may  take 
place  during  ion  plating. 


Plasma 


f  Atom  of  film  metal 

G  Gas  atom 
+  Positive  ion 
e  Electron 
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Negative  ion 
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Fig.  2.1 


PHYSICAL  PROCESSES  WHICH  MAY  TAKE  PLACE  IN  AN 
ION  PLATING  CHAMBER 


At  this  point  some  quite  interesting  questions  re¬ 
garding  the  physics  of  the  process  may  arise.  They  in¬ 
clude  : 

(i)  What  is  the  percentage  ionization  ? 

(11)  What  Is  the  average  energy  of  energetic  species  ? 

(iii)  What  are  the  associated  rates  of  sputtering  and  the 

criteria  for  film  formation  ? 

(iv)  What  is  the  mean  and  surface  substrate  temperatures  ? 

(v)  What  is  the  role  of  gas  scattering  ? 

2-3  Ionization  Efficiency 

A  number  of  estimates  of  the  efficiency  of  ionisa¬ 
tion  in  the  ion  plating  process  are  published  in  the  litera¬ 
ture.  These  range  from  low  values  of  0.1-5%  (11,12)  to 
high  values  of  90%  (1).  Mattox  (1)  claimed  an  ionisation 
efficiency  of  90%  for  copper-Argon  plasma  and  30%  for  gold- 
argon  plasma,  when  using  high  current  densities  of  the  or¬ 
der  of  several  milliamperes  per  square  centimetere.  Buckely 
et.al.  (11)  reported  a  low  value  of  ionisation  (1-5%)  as  a 
result  of  theoretical  considerations  of  plasma  physics  and 
langmuiv  probe  measurement  of  conventional  plasma  (single 
component  argon  plasma).  In  a  discussion  secion  following 
a  conference  on  ion  plating  (14),  estimates  varying  from  1 
to  30%  were  made.  The  high  figures  are  generally  based  on 
the  fact  that  the  thickness  of  coating  on  the  back  surface 
of  ion  plated  flat  substrates  was  30%  of  the  thickness  on 


the  front  surface,  and  the  assumption  was  made  that  the 
back  surface  coating  resulted  only  from  ions  following  the 
field  lines,  whereas  that  on  the  front  surface  was  the  re¬ 
sult  of  both  ions  and  neut  als. 

In  the  present  work  we  measured  the  total  substrate 
current  under  a  wide  range  of  plasma  pressures  and  evapo¬ 
ration  rates.  A  simple  calculation  based  on  the  measured 
current  and  gas  pressure  during  the  sputter  etching  phase 
of  the  process  (single  component  plasma),  assuming  that  the 
measured  current  is  due  to  gas  ions  only,  showed  ionisation 

efficiency  values  less  than  0.1%.  For  example  at  10  pm  Hg 

2 

argon  the  ion  current  density  was  0.5  mA/cm  .  Assuming  ion 
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current  only  estimate  of  3x10  ion/cm  /sec  is  calculated, 

while  the  number  of  atoms  corresponding  to  the  given  pres- 
18  2 

sure  Is  4x10  atoms/cm  /Sec.  It  is  therefore  apparant  that 
the  ionisation  efficiency  is  0.075%  (<0.1%). 

During  the  deposition  phase,  we  assumed  that  the  dis¬ 
charge  current  is  due  to  metal  ions  only.  Obviously  such 
assumption  results  in  overestimating  the  ionisation  effi¬ 
ciency,  and  hence  an  upper  bound  estimate  may  be  obtained. 

We  summed  up  the  total  number  of  ions  during  the  deposi¬ 
tion  period  of  60  seconds  and  compared  the  figure  with  the 
total  number  of  atoms  deposited  as  calculated  from  film 
thickness  measurements.  The  resulting  efficiency  fall  within 
a  range  of  1-3%  for  P^,  Sn,  In,  and  Ag  deposits. 


If  is  therefore  shown  that  the  ionization  efficiency 


is  rather  low  (  <3%),  and  hence  the  majority  of  the  metal 
species  in  the  chamber  are  neutrals.  This  ,  however,  leads 
to  the  importance  of  emphasizing  both  the  role  of  gas 
scattering  and  the  average  energy  of  the  depositing  particle 


2-4  Average  Energy 

Following  the  approach  of  Davies  et.al.(15)  for  which 
the  following  assumptions  are  made  : 

a)  All  ions  originate  in  the  negative  glow  discharge. 

b)  The  electric  field  is  linear  within  the  region  bound¬ 
ed  by  the  cathode  and  the  negative  glow  edge  as  shown  in 
Fig. (2.2). 

c)  Symmetrical  charge  transfer  collisions  are  only  res¬ 
ponsible  to  the  energy  spectrum. 

d)  The  collision  cross  section  does  not  change  with 
energy  and  considering  the  boundary  conditions  of  the  ion 
plating  process  (16)  as  illustrated  in  Fig. 2. 2,  the  linear 
field  strength  gives  ; 


dv  _  .  x 

cTx  “  k  r 

Integrating  equ.l  yields 
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Applying  the  boundary  conditions  V=o  at  x 
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at  x  =  L  gives  K  =  -j-£  and  c  = 
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Therefore,  equn.2  reduces  to  ; 


(3) 


Assuming  a  number  of  ions  N  leaving  the  negative  glow,  the 
number  of  collisions  within  an  infinitizmal  slice  Ax 
is  given  by  N  yi  .  The  probability  of  these  ions,  result¬ 
ing  from  collisions  with  the  slice  Ax,  reaching  the  cathode 
without  further  collisions  is  given  by  ; 

„  .  .-(L-x)/l 


(4) 


Therefore,  the  number  of  ions  arriving  at  the  cathode  with 
energy  Vc-V  is 


dn  .  «  dJ 


(S) 


Substituting  for  x  from  equn.3  gives  ; 

NL 
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dv 
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The  total  ion  energy  arriving  at  the  cathode  is  therefore 
given  by  ; 


E 


/C  (Vc-V)  dn 


(7) 


Substituting  for  dn  from  equn.6  and  integrating  gives  ; 


E  =  NV 


(8) 


In  absence  of  collisions  the  total  energy  received  by  the 


substrate  is  NV  .  However  for  small  values  1  /L  the  ion 
energy  loss  is  quite  high.  It  can  simply  be  approximated 
by(21/L)NVc.  Under  typical  ion  plating  conditions  1 /L 
is  0.05  or  slightly  higher.  This  means  that  10%  of  the 
maximum  energy  is  carried  by  ions,  while  the  other  90%  is 
transfered  to  energetic  neutrals  resulting  from  the  colli¬ 
sion  process.  Measurements  (17)  showed  that  70%  of  the 
energy  transfered  to  the  neutrals  reaches  the  cathods. 

In  order  to  calculate  the  average  neutral  energy,  the  same 
distance  L  is  divided  into  ( L / 1 )  regions,  and  we  assume 
collisions  to  take  place  at  the  boundary  of  each  region. 


The  energy  gain  for  ions  within  the  n  region  is  therefore 
?  2 

given  by  (  V  1  /L  )(2n+l ) .  For  the  last  region  in  the 

V 

2  2 

vicinity  of  the  cathode  the  maximum  neutral  energy  is  (vcl  /!<  ) 

(2(j)+l)  while  for  the  1st  region  in  the  vicinity  of  the 

2  2 

negative  glow  edge,  the  minimum  neutral  energy  is  V  l  /L  (1). 

V 

Assuming  equal  number  of  collision  in  each  zone  the  average 
energy  of  the  neutrals  is  therefore  given  by  ; 


A  typical  L/l  value  for  ion  plating  is  20,  therefore  for  a 
typical  ion  plating  run  at  5  KV  the  average  energy  of  the 
neutrals  can  be  estimated  by  262.6  ev. 


working  medium.  This  type  of  discharge  has  been  subjected 
to  a  century  of  study  by  an  impressive  list  of  scientists 
(18-20).  The  present  work,  however,  aims  at  comparing  the 
energy  distributions  of  the  glow  discharge  before  and 
during  film  deposition. 

The  experimental  setup  is  a  simplified  version  of 

the  one  used  by  Houston  (20),  and  comparable  to  the  one 

used  by  Ahmed  (19).  Basically  the  arrangement  consisted  of 

two  cascade  chambers  as  shown  in  figure  2.3.  This  was 

necessary  to  avoid  using  differential  pumping  systems  and 

-5 

to  maintain  the  energy  analyser  at  a  good  vacuum  of  10 
torr  while  injecting  the  argon  gas  in  the  plating  chamber. 

A  glass  discharge  tube  150  mm  high,  120  mm  in  diameter  was 
mounted  inside  the  ion  plating  chamber.  The  discharge  gas 
was  fed  directly  to  the  glass  tube  by  means  of  a  flexible 
tube  connecting  the  gas  inlet  of  the  ’on  plating  chamber 
to  the  gas  inlet  of  the  discharge  glass  tube.  The  glass 
tube  was  also  provided  with  seated  feedthrough  ports  for 
the  high  current  connections  of  the  evaporation  boat  (A). 
This  evaporation  boat  was  mounted  100  mm  away  from  the 
cathode  (C),  and  also  served  as  the  discharge  anode.  The 
cathode  (C)  was  made  of  stainless  steel  disc  130  mm  dia¬ 
meter  and  5  mm  thick.  A  1  mm  diameter  hole  was  provided 
at  the  center  of  the  cathode  as  an  aperture  for  extractr 
ing  the  gas  ions. 


The  analyzer  consisted  of  two  parallel  stainless 
steel  sheets  of  60x40x1.0  mms.  These  were  separated  by  a 
gap  of  20  mm.  The  lower  sheet  had  two  slits  (8x1  mms 
each)  as  an  inlet  and  outlet  ports  for  the  ions.  Two  col¬ 
limating  operatures  were  used  to  focus  the  ions  into  the 
analyzer.  A  screening  can  (s),  containing  the  faraday  cup 
collector  was  mounted  at  the  free  end  of  the  analyzer, 
while  the  analyzer  was  rigidly  fixed  to  the  cathode  at  the 
other  end  with  a  tilt  of  45°.  The  measurements  of  the 
energy  spectrum  of  the  extracted  ions  were  made  by  using  a 
linear  positive  voltage  sweep  on  the  upper  sheet  of  the 
analyzer.  The  lower  collimating  aperture  was  negatively 
biased  by  150  v  to  supress  the  negative  current  readings. 

Fig. 2. 4  shows  a  repesentati ve  sample  of  the  results 
obtained  at  10  um  Hg  (0.02  torr)  and  a  negative  bias  of 
1.5  KV.  In  this  figure  the  solid  lines  is  obtained  for  the 
gas  discharge  before  metal  evaporation,  while  the  dashed 
line  is  obtained  during  film  deposition.  The  high  pressure 
deposition  is  generally  characterized  with  a  double  peak 
with  notable  shift  of  the  peaks  towards  lower  energy 
values.  At  lower  perssures  however  the  double  peak  gradual 
ly  disappears  and  the  peak  generally  moves  to  higher  ener¬ 
gy  values  as  illustrated  in  Fig. 2. 5. 

Houston  et.al  (20)  showed  that  the  higher  energy 
peak  may  be  due  to  doubly  ionized  argon  A*  +  for  which  the 
charge  transfer  cross  section  is  generally  lower  than 
that  for  the  singly  ionized  atom  A*  .  It  is  therefore 
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THE  EFFECT  OF  GAS  PRESSURE  ON  ENERGY  DISTRIBUTION 


expected  that  A*+  ions  would  have  a  higher  average  ener¬ 
gy  as  compared  with  the  A*. 

2-6  Ion-Solid  Interactions 

One  of  the  most  important  mechanisms  of  ion-solid 
interactions  which  occurs  before  and  during  ion  plating 
is  the  sputtering  of  target-surface  atoms  by  ion  bombard¬ 
ment.  This  mechanism  provides  atomically  clean  surfaces 
prior  to  and  during  film  deposition.  It  reduces  the  growth 
rate  of  the  coating  but  eventually  leads  to  atomistic  mix¬ 
ing  via  recondensations  after  gas  phase  collisions.  Dis¬ 
placed  substrate-surface  atoms  and  lattice  deffects  are 
generated  by  sputtering  and  contribute  to  the  intermixing 
of  the  substrate  and  film  atoms.  Enhanced  defect  density 
also  promotes  rapid  interdiffusion.  Finally  the  high  energy 
coating  species  penetrate  into  the  surface,  resulting  in 
extensive  graded  interfaces,  while  the  low  energy  ones  re¬ 
main  closer  to  the  surface  and  therefore  are  subject  to 
preferential  sputtering. 

2-6-1  The  sputtering  yield 

The  sputtering  yield  at  normal  incidence  has  been 
estimated  from  analytical  expressions  (21,22),  empirical 
relations  (23,24),  and  computer  simulation  (25)  of  spatter¬ 
ing  processes.  The  analytical  predictions  (21)  were  found 
to  deviate  from  experimental  values  for  some  cases  such  as 
light  ion  spattering  and  low  energy  sputtering.  In  order 


The  theoretical  predictions  based  on  this  empirical  formula 
was  found  to  agree  well  with  the  experimental  findings  for 
a  number  of  target  materials  bombarded  with  various  ions 
over  a  wide  range  of  energy  spectrum.  Fig. (2.6)  shows  the 
sputtering  yield  for  Fe  target  bombarded  with  Ar  and  Ag 
ions  within  the  energy  range  10-1 06  e.v. 


2-6-2  Induced  gas  desorption 

The  ion  bombardment-induced  desorption  cross  sec¬ 
tion  o^  Is  defined  (28)  in  terms  of  the  equation  des¬ 
cribing  the  rate  of  depletion  of  adsorbed  atom  areal  den¬ 
sity  n  due  to  bombardment  with  an  ion  beam  of  flux  density. 
J  i.e. 


1  _  _  _  UII 

J  n  ad  ■  cfT 

The  equivilant  sputtering  yield  for  desorption  is  then 
conveniently  defined  as  ; 

Vd  *  "s  °d 

where  n  Is  the  monolayer  density 

For  low  energy  bombardments,  experimental  results  (29,30) 
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have  typically  yielded  values  for  od  of  about  10  cm  cor¬ 
responding  to  sputtering  yields  within  the  range  0. 1-1.0. 
Winters  and  Sigmund  (31)  explained  the  experimental  results 
within  the  assumption  of  specific  series  of  binary  elastic 
collisions  Involving  the  bombarding  ion,  the  adsorbate  and 
substrate  Ions.  In  terms  of  this  explanation  ,  the  ion 
Impact  desorption  process  for  low  energy  ions  is  associated 


Film  thickness  «m 


with  direct  recoils  and  reflected  recoils  of  substrate 
atoms  and  ejection  of  adsorbate  atoms  by  reflected  primary 
particles.  In  typical  ion  plating  systems  of  few  hundred 
electron  volts,  the  adsorbate  atoms  are  sputtered  as  part 
of  the  general  flux  of  sputtered  substrate 
atoms,  and  their  sputtering  yield  is  expected  to  be  similar 
to  or  smaller  than  the  matrix  sputtering  yield.  It  is 
therefore  important  that  residual  gas  levels  be  minimized 
to  avoid  the  militation  of  the  adsorbed  gas  against  film 
growth  or  structure. 

The  equicibrium  surface  impurity  concentration  ne 

can  be  obtained  by  considering  the  gas  adsorption  kinetics 

(28)  and  is  expressed  as  ; 
yKp 

n  =  - -  for  n  <  n 

e  0  od  s 

where  J  is  the  total  energetic  particle  flux 

ng  surface  impurity  concentration  at  equilibrium 
Y  sticking  coefficient  of  given  impurity 
Kp  Molecular  impingement  rate  per  unit  surface 
area  at  a  pressure  (P ) 

For  an  active  gas  partial  pressure  of  10'6  torr,  Kp«1015 
-2  -1 

cm  S  .  Assuming  an  average  bombardment  induced  gas  de- 

- 1  5  2  - 1 

sorption  cross  section  of  10  cnrion  ,  then  for  a  dis- 
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charge  current  to  substrate  of  10  mA  cm  (10  particles 
cm"4S“  )  ne  ■  10  J  atoms  cm"4  =  10“4  monolayer.  It  is  app¬ 
arent  that  there  will  be  IX  impurity  in  every  coating 
monolayer  formed.  This  leads  to  the  conclusion  that  in 


order  to  reduce  the  fractional  impurity  incorporation 
rate,  the  flux  density  of  energetic  impurities  must  be  re 
duced  relative  to  that  of  the  coating  flux.  This  can  be 
achieved  by  thorough  degassing  of  the  whole  system  and 
by  using  high  speed  vacuum  pumps. 

2-6-3  Energetic  particle  entrapment 

When  an  energetic  atom  approaches  a  surface  both 
attractive  and  repulsive  forces  operates  depending  on  the 
separation,  but  these  must  be  integrated  over  all  atoms  of 
the  solid  and  particularly  those  of  the  surface.  In  this 
context  an  energetic  ion  may  be  treated  as  an  atom  since 
charge  neutral izatiot  is  generally  a  very  effective  process 
near  a  surface  .  It  follows  that  the  energetic  atom  moves 
from  infinity  towards  the  surface,  it  accelerates  and 
passes  through  the  potential  well  and  is  then  treated  as 
it  approaches  more  closely  the  atomic  surface  plane.  If 

the  initial  energy  of  the  atom  is  insufficient  to  enable 
it  to  pass  through  the  surface  plane  the  atom  sill  reflect 
back  outwards  towards  the  potential  minimum.  During  such 
repulsive  phase,  the  surface  atoms  will  recoil  and  dis¬ 
sipate  lattice  wave  energy  into  the  solid,  and  therefore 
the  Impinging  atom  recoils  with  reduced  energy.  If  this 
recoil  energy  is  low  and  the  potential  well  outside  the 
surface  is  deep  there  can  be  high  propability  of  atom  con¬ 
densation  or  accommodation  on  the  surface.  This  process  is 


expected  to  be  efficient  for  chemically  active  incident 
atoms  and  inefficient  for  incident  inert  gas  atoms. 

If  the  incident  particle  kinetic  energq  is  suffici¬ 
ent  to  allow  penetration  of  the  atom  beyond  the  surface 
plane,  then  entrapment  may  occur  within  the  solid  for  light 
inert  gases  this  entrapment  will  generally  occur  at  lat¬ 
tice  vacancies,  whilst  for  heavy  ions  non-substi tutional 
dissolution  may  occur.  Having  passed  from  the  surface  plane, 
the  incident  particles  will  suffer  further  collisions  with 
atoms  of  the  solid,  thereby  losing  energy  and  suffering 
directianal  changes.  Particles  much  lighter  than  the  solid 
may  therefore  suffer  sufficient  collisions  and  gain  rever¬ 
sal  momentum  to  exit  back  across  the  surface,  while  hea¬ 
vier  particles  (coating)  will  generally  come  to  rest  with¬ 
in  the  solid,  at  depth  of  the  order  of  50  A0. 

Substantial  experimental  evidence  (32-36)  exists 
for  trapping  probability  density  close  to  one  for  incident 
particles  having  low  energq  within  the  range  1-200  ev. 

Thus  the  self-trapping  coefficient  of  plating  atoms  may  be 
safely  assumed  to  be  close  to  unity.  On  the  contrary 
Carter  (28)  derives  an  approximate  value  for  trapping  pro¬ 
bability  density  of  supporting  gases  n(E)  less  than  0.1 
for  particle  energy  E  <100  ev.  He  states  that  this  trapp¬ 
ing  mode  can  be  more  effective  for  gases  lighter  than  argon 
and  less  effective  for  heavier  gases.  It  can  therefore 
be  concluded  that  for  many  plating  species  n(E)  =  1.0 


whilst  for  the  energetic  support  gas  species  n(E)  is  much 
less  than  unity. 

2-6-4  Energetic  atom  sputtering 

The  Energetic  plating  species,  depending  on  their 
energy,  would  have  either  to  penetrate  and  be  trapped  into 
the  solid  torget,  or  (if  they  have  insufficient  energy) 
lose  energy,  reflect  back  and  condensate  on  the  surface  af 
the  target,  with  a  low  binding  energq  UQ . 

Subsequent  bombarding  particles  enter  into  the  solid, 
suffer  a  series  of  collisions,  lose  energy  and  transfer  re¬ 
coil  energy  to  the  target  atoms.  If  this  energy  is  suffi¬ 
ciently  large  and  grater  than  the  displacement  energy  for 
dynamic  recoil  target  atoms  may  be  temporarily  or  permenantly 
displaced  from  their  lattice  positions,  creating  target 
defects.  The  first  generatian  or  primary  recoils  may  go  on 
to  form  further  generatian  of  recoil  or  a  cascade.  If  some 
recoils  in  this  cascade  are  near-surface  atoms  and  receive 
energy  greater  than  the  surface  binding  energy  UQ,  the  low 
energy  deposites  can  be  sputtered  back  and  therefore  the 
coating  thickness  is  built  up  of  moderately  high  energy 
species  .  One  however  may  decide  for  a  reasonable  sputter¬ 
ing  yield  which  is  less  than  the  deposition  rate  or  other¬ 
wise  the  film  will  never  form  or  grow. 
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2-6-5  Atomistic  mlxin 


Apart  from  direct  penetration  and  implantation  of 
a  fraction  of  the  plating  atom  flux  initially  into  the  sub¬ 
strate  and  subsequently  into  the  growing  film,  one  can 
expect  interfacial  mixing  due  to  a  number  of  other  poss¬ 
ible  mechanisms.  These  are  : 

1-  Thermal  interdiffusion  of  coating  and  substrate  atoms 
as  a  resicit  of  the  energy  dissipated  into  the  target  and 
the  subsequent  rise  in  target  temperature. 

2-  The  Increased  population  of  lattice  defects  due  to 
recoil  events  between  incident  particles  and  target. 

If  these  vacancies  generated  by  lattice-atoms  displacement 
are  highly  mobile  then  radiation-enhanced  diffusion  occurs. 

3-  The  generated  target-atom  recoils  can  move  such  atoms 
for  short  distances  at  high  frequency  thereby  allowing  both 
film  and  substrate  atoms  initially  and  film  atoms  alonq  at  a 
late  r  stage  to  mix  effectively  by  what  is  known  as  casced 
mixing  (37)  . 


2.7  Gas  scattering 

Unlike  vacuum  evaporation,  ion  plating  is  claimed 
to  give  good  coverage  on  surfaces  out  of  line  of  sight  of 
the  vapour  source.  Mattox  (38)  gives  details  of  the  thick¬ 
ness  distribution  of  material  ion  plated  over  the  outer  and 
inner  surfaces  of  12  mm  diameter  tube  held  with  its  axis 
normal  to  the  main  direction  of  the  vapour  stream.  Champers 
and  carmichael  among  others (39-41 )  studied  the  throwing 
power  and  reported  the  dependence  of  coating  deposition  rate 
on  gas  pressuse. 

Earlier  papers  on  ion  plating  (1,14,41)  attributed 
the  good  throwing  power  to  ionised  vapour  atoms  following 
the  field  lines  to  all  parts  of  the  surface.  However  as  ind¬ 
icated  earlier,  the  ionization  efficiency  is  low  and  can  not 
account  for  coating  of  internal  surfaces  as  claimed. 

The  authors  therefore  searcred  for  other  possible 
reasons  such  as  gas  scattering  (9,12and  40).  A  study  of  the 
variation  of  thickness  with  gas  pressure  on  the  front  and 
back  surfaces  of  flat  test  specimens  (5x5  cms)  was  then  made 
In  there  tests  two  sets  of  specimens  were  coated  by  ion  pla 
ting  and  gas  evaporation  in  argon  atmosphere.  The  mean  film 


thickness  on  front  and  back  surfaces  of  each  specimen  was 
measured,  and  the  results  were  plotted  in  figure  5.7,  where 
Curves  A£  and  aB  are  made  for  the  ion  plated  films  front 
and  back  thicknesses  respectively  while  Curves  Bp  and  Bfi  are 
the  corresponding  curves  for  the  gas  evaporated  films  .  The 
gas  evaporated  films  were  then  sputter  etched  under  typical 
ion  ploting  conditions  for  the  same  deposition  time,  and  the 
mean  film  thickness  was  again  measured  for  both  the  front  and 
back  surfaces.  These  results  are  shown  on  the  same  figure  by 
Curves  Cp  and  CB  .It  is  shown  that  at  high  gas  pressures 
(210  4m  Hg)  curves  Ap  and  Afi  are  very  close  to  Curves  Cp.  and 
CB  respectively.  This  indicates  that  the  major  effect  in  def¬ 
ining  the  film  thickness  at  the  back  surfaces  is  gas  scattering 
and  not  the  ionization  phenomena  as  previously  claimed.  Further 
more  the  present  effect  of  ionization  is  to  reduce  the  thick¬ 
ness  of  the  coating  by  ion  bombardment. 


The  preceding  results  favour  the  use  of  high  gas 
pressures  to  achieve  a  high  throwing  power  during  the  coating 
of  components  having  complex  shapes,  while  the  preceding  dis¬ 
cussions  of  section  2.3.2  suggests  a  reduced  argon  gas  pressure 
during  deposition  for  minimization  of  trapped  gases  and  their 
consequences  on  thickness  build  up  and  film  morphology. 


A  compromise  is  therefore  to  be  made  in  each  coating 
application  as  to  whether  the  gas  pressure  should  be  increa¬ 
sed  or  kept  at  a  reasonably  low  value. 
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CHAPTER 
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FACTORS  AFFECTING  ADHESION 

The  word  adhesion  is  frequently  used  in  broad  sense 
to  describe  sticking  together  of  two  materials  with  or  with¬ 
out  interfacial  layer.  Homohesion  and  Hetrohesion,  however, 
are  used  to  describe  the  two  situations  in  which,  the  two 
metals  are  either  indentical  or  dissimilar  respectively  (42) . 
It  generatly  describe  how  a  film  and  a  substrate  remain  in 
contact,  while  the  word  bonding  is  used  to  ref ere  to  specific 
interactions  across  the  interface. 

In  a  recent  review  paper (43),  the  authors  showed  that 
the  factors  influencing  adhesion  can  be  summarized  as  follow; 
a-  The  deposition  technique  as  influencing  the  nature  and- 
type  of  the  inter facial  layer  . 

b-  Substrate  surface  and  gross  contamination  as  affecting 
film  nucleation 

c-  Nucleation  as  affecting  stress  concentration  in  the 
interfacial  region. 

d-  Interface  formation  and  type  as  determining  the  bonding 
mechanism. 

The  first  two  factors  are  obvious  and  therefore  are 
discussed  herein  after,  while  the  other  two  factors  need 
further  detailed  studies  and  therefore  are  dealt  with  in 
chapters  three  and  four. 


There  exists  sufficient  evidence  in  the  literature 
(2,4-6,44)  to  show  that  the  deposition  technique  plays  an 
important  role  in  determining  the  nature  and  type  of  the 
interfacial  region.  The  initial  state  of  the  surface,  and 
the  energy  of  the  depositing  atom  is  particulary  important 
for  considerations  regarding  penetration,  bonding  and  diffu¬ 
sion.  In  table  3.1  three  well  known  and  estableished  techni¬ 
ques  are  compared  with  ion  plating  with  particular  reference 
to  factors  affecting  interface  formation  and  bonding. 

Atomically  clean  surfaces  are  those  surfaces  free 
of  all  but  a  few  percent  of  a  single  monoloyer  of  foreign 
atoms  either  adsorbed  on  or  substitutionally  replacing  some 
surface  atoms  of  the  parent  lattice.  One  monolayer  of  cont¬ 
aminants  coverage  is  actually  formed  in  two  seconds  at  10-6 
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torr  and  25  C  .  Therefore  both  vacuum  and  sputtered  coatings 
suffer  from  lack  of  intimate  contact  with  the  substrate 
due  to  surface  contamination.  In  ion  plating,  however,  the 
surface  is  maintained  atomically  clean  by  ion  bombardment. 
Furthermore  it  has  been  shown  in  (2.6.2)  that  gas  desorp¬ 
tion  is  less  than  1%  in  each  monolayer  and  this  can  be  fur¬ 
ther  reduced  by  proper  selection  of  supporting  gas  atoms. 

The  lack  of  intimate  contact  across  the  film-subs¬ 
trate  interface  can  be  partly  attributed  to  the  presence  of 
gross  contomination,  physically  adsorbed  gases,  chemisorbed 
gases  and  compound  layers . 


Gross  con taminat ions  with  substances  such  as  grease,  oil 
and  dirt  are  quite  detectable,  with  normal  cleaning  proce¬ 
dures  being  liable  to  render  such  layers.  Physically  adsor¬ 
bed  gases  are  usually  bound  to  the  substrate  with  0. 1-0.5 
ev  (45)  ,  while  chemisorbed  gases  and  compound  layers  are 
normally  bound  with  1-10  ev(46,47).  Unlike  sputtering  and 
the  sputter  cleaning  of  the  ion  plated  films,  low  thermal 
energy  atoms  deposited  by  converntional  methods  are  in¬ 
capable  of  affecting  most  of  these  contaminating  layers  . 

In  sputtering,  the  kinetic  energy  of  the  depositing  particles 
is  comparable  with  the  binding  energy  of  adsorbed  gases. 

It  is  therefore  possible  that  the  process  affects  the  state 
of  the  surface,  but  not  necessarily  assured.  In  ion  plating, 
however,  the  kinetic  energy  of  the  impinging  particles  is 
much  higher  than  the  binding  energy  of  the  substrate  atoms . 
Fresh  and  atomically  clean  surfaces  are  thus  generated  prior 
to  and  during  film  deposition. 


Table  3.1  Comparison  of  factors  affecting  the  interfacial  layer 


NUCLEATION  OF  ION  PLATED  COATINGS 


4 . 1  Introduction 

Stress  concentrations  in  the  interfacial  region  result 
from  imperfections  such  as  voids,  microcracks,  and  loss  of  in¬ 
timate  contact.  These  are  determined  by  the  mode  of  nucleation 
and  nuclei  density  and  are  reflected  on  the  structure  of  the 
interface,  thereby  affecting  film-substrate  adhesion. 

This  chapter  is  concerned  with  the  role  played  by  high 
energy  particles  in  the  nucleation  of  the  ion  plated  films, 
which  in  turn  influences  the  film-substrate  adhesion,  especially 
in  situations  involving  mutually  incompatible  materials. 

4 . 2  Selection  of  a  proper  technique 

Because  of  the  high  resolution  needed  for  the  study  of 
such  phenomena,  transmission  electron  microscopy  is  generally 
used  (48).  Unfortunately  the  ion  plating  process  necessarily 
requires  a  gaseous  plasma  at  a  pressure  of  at  least  10  Hg. 
Consequently  the  tradational  advantage  of  being  able  to  exa¬ 
mine  the  film  during  deposition  inside  the  vacuum  column  of  the 
microscope  has  been  lost.  One  limitation,  however  in  using  the 
transmission  microscope  is  that  the  film  substrate  must  be 
thin  enough  to  allow  direct  transmission.  On  several  occasions, 
it  has  been  found  impossible  to  detach  the  ion  -plated  film 
from  the  substrate  .  An  ultimate  solution  is  therefore  to  find 
a  suitable  dissolvable  substrate. 


One  way  of  overcoming  such  difficulties  is  to  use  a 


vacuum-cleaved  NaCl  (49)  .  Substrate,  which  can  be  easily 
dissolved  in  water.  The  main  disadvantage  of  this  technique 
however,  is  the  problem  associated  with  Ultrathin  island 
deposits  which  can  not  support  themselves  after  dissolution 
of  the  substrate.  In  the  present  work  a  thin  carbon  film  (50  A 
thick)  is  used  (50) . 

4 . 3  Experimental 

The  substrate  was  made  of  0.1  x  0.02  m  glass  sheet 
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onto  which  a  carbon  film,  50  A  thick,  was  deposited  by  arc 
evaporation  of  carbon  in  vacuum.  Because  of  the  smooth  sur¬ 
face  of  the  glass  sheet  and  the  poor  adhesion  of  the  vacuum 
deposited  carbon  film,  the  film  can  be  easily  detached  from 
the  substrate  at  any  stage  by  wetting  the  glass  sheet  with 
distilled  water.  The  high  porosity  of  vacuum  deposited  carbon 
assists  the  action  of  water  surface  tension  in  separating 
the  film. 

Silver  of  purity  99.99%  was  deposited  onto  the  subs¬ 
trate  specimen  (carbon  coated  glass)  by  three  different 
techniques,  in  such  a  way  that  when  the  carbon  film  was  det¬ 
ached  from  the  glass  it  could  still  support  the  deposit. 

Since  carbon  is  amorphous  and  the  carbon  film  is  thin,  the 
presence  of  such  a  film  is  not  expected  to  affect  the  trans¬ 
mission  results  in  any  way.  The  ion  plating  apparatus  was 
used  for  depositing  ion  plated,  conventional  gas  deposited 


and  vacuum  deposited  films.  The  high  tension  diode  system  was 
therefore  used  only  when  ion  plated  films  were  required  . 

The  carbon-coated  glass  substrates  were  mounted  at  a  fixed 
distance  of  0.16  m  from  the  evaporation  source.  The  deposi¬ 
tion  rate  was  kept  constant  throughout  these  investigations 
at  0.05  mg  S~^ .  The  processing  parameters  are  shown  in  table 
3.1  for  different  test  specimens  . 

Owing  to  the  fact  that  the  carbon  film  was  so  thin 
and  ion  bombardment  of  the  coated  substrate  might  have  resul¬ 
ted  in  sputtering  the  bulk  of  the  poorly  adherent  carbon  film 
the  sputter  cleaning  part  of  the  ion  plating  process  was  comp 
letely  cancelled.  Therefor  the  field  was  switched  on  only 
when  the  evaporation  of  silver  was  started. 

The  average  size  of  the  nuclei  was  estimated  from 
the  transmission  micrographs  and  the  average  film  thickness 
was  estimated  both  from  the  amount  of  metal  evaporated  and 
from  the  volume  of  the  deposit,  assuming  spherical  nuclei. 

The  average  values  for  each  micrograph  are  quoted  in  the 
relevant  caption. 


Deposition 

technique 

weight 

evaporated  \ 
(mg) 

Vacuum  deposition 

0.1 

Gas  deposition 

0.1 

Ion  plating 

0.1 

Vacuum  deposition 

0.2 

Gas  deposition 

0.2 

Ion  plating 

0.2 

Vacuum  deposition 

0.5 

Gas  deposition 

0.5 

Ion  plated 

0.5 

Bias 

-olta 

(KV) 


Vac  uum 


Table  4 . 1 


Experimental  conditions  for  ion  plated , 
gas,  and  vacuum  deposited  films. 


4 . 4  Results 

Figure  (4.1)  shows  the  electron  micrographs  obtained 
for  vacuum  deposited  films,  it  is  seen  that  vacuum-dposited 
films  behave  in  the  now  well  known  liquid-like  behaviour, 
namely  the  nuclei  density  first  increases  and  then  decreases 
during  the  nuclei  growth. The  early  nuclei  are  usually  rounded 
(Fig.  4.1  a)  but  they  exhibit  sudden  changes  in  when  two  join 
together (Fig .  4.1  b) .  As  the  unclei  growth  continues,  the 
average  nuclei  size  increases  from,  260  °A  by  either  surface 
diffusion  or  by  the  coalescence  of  the  near  neighbouring 
nuclei.  The  final  deposit  (Fig.  4.1  b)  appears  to  be  a  net¬ 
work  of  grown  nuclei  with  some  open  areas.  As  the  film  cont¬ 
inues  to  build  up  (homoepitaxial  growth) ,  twin  bands  and  st 
stacking  faults  ate  rapidly  initiated,  they  spread  over  the 
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entire  surface  crystals  as  shown  in  Figure  4.1.c. 

Figure  (4.2)  shows  the  nucleation  and  growth  of  silver 
films  as  deposited  in  gas  atomosphere  (12  urn  Hg  argon).  The 
presence  of  gas  scattering  appears  to  be  strongly  influencing 
the  behaviour  of  the  film.  The  most  significant  effect  is  the 
fine  nuclei  size  (130  A°) .  The  nuclei  retained  the  same  liquid 
like  behaviour.  The  deposit  appears  to  be  more  uni form (compare 
figures  4.1  b  and  4.2  b)  resulting  in  less  pronounced  islander 
form  and  much  less  open  areas.  The  increase  in  nuclei  size 
during  the  epitaxial  growth,  however,  is  relatively  low  (15%) 
as  compared  with  the  increase  in  the  nuclei  size  of  vacuum 
deposited  films  (50%).  During  the  homoepitaxial  growth (Figure 
4.2  c) ,  the  stacking  faults  and  the  twin  bands  disappeared, 
and  the  deposit  is  apparantly  uniform  with  fine  grain  struc¬ 
ture,  but  relatively  discontinouns  (compare  figures  4.1  c 
and  4 . 2  .  c ). 

Figure  (4.3)  displays  the  nucleation  of  the  ion-plated 
films,  which  unlike  the  conventional  films,  exhibit  a  very 
distinct  behaviour.  The  nuclei  size  is  considerably  smaller 
(100  A°)  and  the  nuclei  density  is  the  highest  of  the  three 
different  deposits (compare  figures  4.1  a, 4. 2  a  and  4.3  a  ). 

The  nuclei  enjoy  a  uniform  distribution  over  the  entire  sur¬ 
face  of  the  substrate  without  significant  coleascence  or  1 
liquid-like  behaviour.  The  nuclei  remain  rounded  during  the 
entire  time  of  epitaxial  growth  without  significant  changes 
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in  diameter (Figure  4.3  a  and  4.3  b) .  This  would  imply  that 
the  basic  deposition  mechanism  is  forming  new  nuclei  or 
depositing  onto  previous  nuclei  thus  resulting  in  columnar 
growth.  A  continuous  film  is  observed  at  about  130  °A  thick¬ 
ness  (Figure  4.3  c)  which  is  considerably  thinner  than  that  of 
the  discontinuous  gas-depo-sited  film (200  °A)  shown  in  figure 
(4.2  c) .  The  final  grain  size  is  about  16%  higher  than  that 
of  the  initial  nuclei  size. 

DISCUSSION 

Basset  et  al  (48)  put  forward  an  argument  based  on 
the  classical  theory  of  frankel,  that  in  vapour  deposits, 
atoms  arrive  on  the  substrate  surface  and  move  freely  for 
some  finite  time,  during  which  they  can  collide  with  other 
deposited  atoms,  form  pairs  of  longer  life  amd  act  as  nucleus 
for  further  collissions.  The  argument  is  shown  to  hold  for 
vapour-dposited  films  either  in  vacuum  or  in  gas  atmosphere. 
Vapour  deposited  films  made  by  ion  plating,  however,  are 
different.  The  high  energy  particles (ions  and  atoms)  arrive 
at  the  substrate  with  energy,  high  enough  to  cause  particle 
implatation  into  the  substrate  at  the  localized  points  of 
bombardment.  The  high  energy  particles  loose  their  energy  in 
patticle  implantation  rather  than  in  free  motion  on  the 
substrate  surface  . 

Because  of  the  low  ionization  efficiency  of  the  ion 
plating  process,  atoms  are  expected  to  arrive  at  the  substrate 


with  a  range  of  energies  including  some  low  energy  atoms. 
These  low  energy  particles  are  not  expected  to  be  implanted 
into  the  surface  and  may  behave  according  to  Basset's  (48) 
argument.  The  continuous  ion  bombardment  of  the  substrate 
during  ion  plating,  however,  may  result  in  sputtering  back 
such  poorly  adherent  free  atoms.  Thus,  the  final  deposit  at 
any  stage  will  be  the  implanted  high  energy  particles.  This 
is  evident  from  the  distinct  nature  of  the  results  obtained 
on  the  nucleation  of  the  ion  plated  films (compare  figures  4.1 
4 . 2  and  4.3). 

The  old  theory  of  preferable  nucleation,  namely  that 
for  vapour  deposited  films,  the  early  nuclei  take  place  at 
selected  surface  sites  (2)  lattice  steps,  point  defects,  and 
vacancies (49)  is  seen  to  hold  true  for  the  results  presented 
in  figures (3.1)  and  (3.2).  In  these  particular  cases,  few 
nuclei  took  place  at  randum  points  which  do  not  correspond 
to  the  uniform  distribution  of  the  arriving  atoms  through 
the  uniform  vapour  stream.  On  the  other  hand,  the  uniform 
nucleation  over  the  entire  area  of  the  substrate  as  shown  in 
figure (3. 3)  for  the  ion-plated  films  suggest  either  a  rather 
uniform  ion-implantation  independent  of  surface  defects  or 
otherwise  preferential  nucleation  at  newly  generated  surface 
defects  produced  by  uniform  ion-bombardment. 

In  the  present  work,  water  cooling  of  the  substrate 
was  of  negligible  effect  owing  to  poor  conductivity  of  glass 


Terefore,  the  influence'  of  substrate  temerature  on  the  nuc- 
leation  mechanism  must  be  considered.  It  is  generally  accept¬ 
ed  that  the  measurement  of  substrate  (H.T.  cathode)  tempera¬ 
ture  in  the  ion  plating  apparatus  is  somewhat  difficult. 

The  problem  is  even  more  complicated,  when  the  substrate  su 
surface  layer  of  maximum  temperature  is  very  thin  (50  °A  car¬ 
bon  film).  However,  because  of  the  low  ion  energy  (10  watt/ 
sec)  and  the  short  time  of  deposition  (2  sec)  ,  the  substrate 
temperature  is  not  expected  to  be  considerably  high,  specially 
with  the  high  surface  to  volume  ratio  the  carbon  film. 


CHAPTER  5 

ATOMISTIC  MIXING  AND  INTERFACE  FORMATION 


5 . 1  Introduction 

The  strength  of  the  interfacial  region  largely  dep¬ 
ends  on  the  type  of  interface  with  particular  reference  to 
the  bonding  mechanism (e .g.  Physical,  chemical  or  mechanical). 
The  film-substrate  interfaces  formed  by  coating  techniques 
can  be  classified  into  the  following  categories: 

a)  Mechanical  interlocking 

When  soft  low  melting  point  metals  or  materials  of 

high  surface  mobility (Such  as  cadmium)  are  deposited  onto 
porous  substrates,  the  film  material  fills  the  pores  and 
mechanical  interlocking  provides  reasonable  adhesion. 

b)  Monolayers 

Monolayer  to  monolayer  interfaces  are  reported  in 
situations  where  there  is  no  diffusion  of  the  depositing 
atom  into  the  substrate  surface,  while  little  chemical  reac¬ 
tions  are  taking  place  between  the  two  parent  metals(2).  In 
such  cases  an  abrupt  change  from  the  film  to  the  substrate 
material  is  observed  in  a  distance  of  the  order  of  the  spa¬ 
cing  between  atoms (2-5  °A) .  The  adhesion  strength  is,  therefore 
governed  by  the  physical  interactions  and  van  der  waals  forces 
yield  the  lower  bound  estimates (42 ) . 

c)  Compound  interfaces 

In  electroplating,  chemical  interactions  taking  place 


at  the  film-substrate  interface  result  in  either  intermetallic 
compounds  or  other  chemical  compounds,  such  as  oxides. 


These  are  known  as  compound  interfaces  and  are  characterized 
by  constant  composition  over  several  lattice  parameters  in 
thickness.  The  compound  itself  is  usually  brittle  and  can 
well  be  unstable  under  different  conditions. 

d)  Diffusion  interfaces 

Diffusion  interfaces  are  formed  in  situations  invol¬ 
ving  some  degree  of  solid  solubility  between  the  two  parent 
metals.  Furthermore,  the  deposition  technique  must  provide 
enough  kinetic  or  thermal  energy  for  film  atoms  to  overcome 
the  actiration  energy  for  bulk  diffusion ( 1 -5  ev) .  The  diffu¬ 
sion  interface  is  characterized  by  a  grodual  change  in  lattice 
parameters,  across  the  interfacial  region,  which  is  usually 
thousands  of  angstroms  in  thickness.  The  adhesion  is  there¬ 
fore  enhanced  by  the  diffusion  mechanism. 

e)  Extensive  graded  interfaces 

When  a  high  energy  particle  impings  on  a  surface,  if 
penetrates  into  the  substrate  lattice  withoud  need  of  a 
diffusion  mechanism.  Experiments  involving  ionization  and 
acceleration  of  ions  towards  the  substrate  indicate  penetra¬ 
tions  of  the  order  0.1  50  °A  per  kiloelectron  volt (51).  The 
adhesion  can  thus  be  greatly  improved  by  atom  and  ion  implan¬ 
tations.  On  the  basis  that  the  particle  impinging  on  the 
substrate  may  ponetrate  into  the  lattice  without  need  of  a 
diffusion  mechanism,  this  was  called  "pseudo-diffusion  inter¬ 
face  (2) .  Atomistic  mixing  of  sputtered  atoms  and  film  atoms. 


however,  provides  a  graded  type  interface  (52) .  Combinations 


of  these  mechanisms  and  the  thermal  diffusion  mechanism  may 
result  in  extensive  graded  interfaces  with  or  without  inter- 
metallic  compounds  (2,52  &  53). 

This  chapter  is  devoted  to  the  experimental  study 
made  on  different  metal  pairs  of  different  solid  solibility 
to  examine  the  conditions  leading  to  the  formation  of  such 
extensive  interfaces. 

5 .2  Experimental 

Thirteen  groups  of  test  specimens  were  prepared  under 
different  processing  conditions  on  thirteen  different  metal 
pairs.  Twenty  processing  conditions  were  selected  for  each 
matal  pair.  These  included  low  energy  deposition  starting  with 
10  um  Hg  argon  and  2  kv  bias  voltage  on  water  cooled  subst¬ 
rates  at  bulk  substrate  temperature  of  80  °C,  as  well  as 
high  energy  deposition  at  50  um  Hg  argon,  5  kv  bias  voltage 
on  uncooled  substrates  at  500  °C  .  The  different  metal  pairs 
which  were  used  in  this  mini-program  are  shown  in  table  4.1 
while  the  processing  conditions  selected  for  any  metal  pair 
are  shown  in  table  4.2.  In  all  cases  the  coated  test  specimens 
were  sectioned  for  optical  microscopic  examination,  x-ray 
diffraction,  microprobe  analysis.  In  few  cases  Auger  electron 
spectroscopy  was  made  in  other  laboratories  for  our  test 
specimens . 


Metal  pairs 


Metal  pairs 


Substrate 

Film 

Substrate 

Film 

Ti 

Al 

Ni 

Ag 

Ti 

Sn 

Ni 

Cu 

Ni 

Pb 

Fe 

Ag 

Fe 

Al 

Cu 

Al 

Fe 

Pb 

Cu 

In 

Fe 

Sn 

Cu 

Ag 

Fe 

In 

Fe 

Zn 

Table  5.1  Metal  pairs  used  for  testing  the  interface 
formation 


In  these  Auger  tests,  the  substrate  was  lapped  to 
specularly  smooth  finish  and  the  surface  finish  was  measured 
by  Taylor-Hobson  talysurf-4 .  The  sputter  etched  substrates 
were  also  checked  for  changes  in  surface  texture  parameters. 
The  surface  of  the  coated  test  specimen  was  also  checked  for 
changes  in  surface  topography  and  then  polished  to  be  as 
smooth  as  possible,  before  final  assesment  of  surface  rough¬ 
ness  . 


In  the  sectioning  tests,  however,  a  hard  retainging 
layer  was  usually  electroplated  on  the  top  of  the  coating 
to  facilitate  proper  plishing  of  the  section. 
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Table  5.2  Processing  Parameters 


Results 


5.3.1  Optical  examination  and  microprobe  analysis 

Fig.  5.1  shows  the  most  extensive  graded  interface 
obtioned  for  indium  film  ion  plated  on  copper  substrate  at  4 
Kv  and  20  urn  Hg  argon.  It  is  shown  that  a  thick  region,  28  um 
in  thickness,  of  eutectoid  In-Cu  alloy  is  formed  with  a  and  y 
phases, (of  about  lum  thickness  each)  on  sides.  The  total  inter¬ 
face  depth  however  is  30.2  um,  while  the  indium  film  itself  is 
12  um  thick.  The  composition  of  indium-copper  interface  is 
shown  in  figure  5.2  as  obtained  with  microprobe  onalysis  using 
5  um  probe  diameter. 

Figs.  5.3  and  5.4  shows  the  corresponding  inderfaces  of  gas 
and  vacuum  deposited  coatings  as  produced  under  the  conditions 
no.  15  and  8  of  table  4.1 

Figure  5.5  shows  a  simmilar  result  for  an  extensive 
interface  with  an  intermetallic  compound  for  aluminium  film 
ion  plated  on  titanium  substrate  .  In  this  case  the  intermetallic 
compound  TiAl^ extended  over  a  depth  of  25  um  ,  while  the  Al 
film  itself  was  only  5  um  thick.  The  microprobe  results  shown 
in  the  same  figure  did  not  show  any  other  stable  phases  but 
only  gradual  change  in  composition  on  both  sides  of  the  comp¬ 
ound.  Fig  5.6  shows  the  corresponding  microprobe  results  obt¬ 
ained  for  specimens  no.  16  and  19  of  the  same  metal  pair. 

Fig  5.7  shows  the  Sn-Ti  interface  (10  um  thick)  obtained  for 
specimen  no.  8  .  It  was  noted  however  that  at  very  high  energy 
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5.7  MICROSTRUCTURE  OF  THE  1 NTERMETALL I C  COMPOUND 
GF  ION  PLATED  TIN  FILM  ON  TITANIUM  SUBSTRATE. 


5-8  BRITTLE  I NTERME TALL  1 C  COMPOUND  FOR  ALUMINIUM 
TITANIUM  SYSTEM  (CONDITION  10,  TABLE  5.2) 


particularly  with  titanium  substrates,  contaminations  by  Ti  Cx 
and  Ti  0X  (carbides  and  oxides)  was  readily  introduced  within 
the  interface.  This  usually  results  in  a  brittle  intermetallic 
layer  as  demonstrated  in  fig  5.8  for  an  Al-Ti  specimen  prepared 
according  to  the  conditions  no.  10  of  table  4.1 

5.3.2  Scanning  Auger  analysis 

Figures  5.9  and  5.10  show  the  Auger  analysis  of  a 
Zn-Fe  and  Ag-Fe  specimen  as  deposited  by  the  two  different 
techniques.  While  figures  5.11  and  5.12  show  the  results 
obtained  for  Ag-Ni  and  Cu-Ni  systems  respectively.  Fig.  5.12 
also  shows  the  percentage  contamination  due  to  sputter  etch¬ 
ing  of  the  Ni  substrates. 


5.3.3  Effect  of  plasma  gas  pressure 

In  the  present  investigation,  it  was  generally  noted 
that  the  depth  of  the  graded  interface  can  be  increased  by 
increasing  the  deposition  energy.  One  way  to  achieve  such  high 
energy  values  is  to  increase  the  gas  pressure.  However  incr¬ 
easing  the  gas  pressure  usually  resulted  in  higher  contamina¬ 
tion  levels  of  oxygen,  carbon  and  nitrogen(up  to  10%).  Fig. 

5.14  shows  the  effect  of  increasing  the  gas  pressure  from  10 
to  50  urn  Hg  on  the  contamination  atomic  percent  for  both  silver 
coated  and  uncoated  copper  substrate.  Fig.  5.15  shows  the 
corresponding  gain  in  the  interface  depth  as  a  percentage  of 
the  total  thickness  of  both  film  and  interface  regions,. 
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Fig.  5.16 


VARIATIONS  OF  INTERFACE  DEPTH  WITH  BIAS 
VOLTAGE 


These  results  confirms  the  early  mentioned  specula 


tions  (see  atomistic  mixing  2.6.5  and  particle  entrapment 
2.6.3)  That  apart  from  thermal  diffusion  and  coating  atom 
penetration,  the  atomistic  mixing  can  be  enhanced  by  radiation 
diffusion  and  cascade  mixing  due  to  the  increasing  population 
of  lattice  defects  and  target-atom  recoil  movements  at  high 
energy  levels. 

The  increase  in  contamination  levels  at  high  argon 
pressure  can  also  be  reasoned  on  the  basis  that  the  initial 
vacuum  was  10  ^  torr  and  therefore  the  presence  of  oxygen  during 
deposition  was  not  completely  eliminated.  Hydrocarbons  back 
streaming  from  the  diffusion  pump  were  also  there.  Therefore 
increasing  the  gas  pressure  and  hence  the  average  energy  of 
the  impinging  particle  and  subsequently  the  lattice  defects 
results  in  trapped  argon  atoms  at  lattice  vacancies  and  non- 
substitutional  dissolution  for  oxygen  and  carbon  atoms. 


5.3.4  Effect  of  bias  voltage 

Fig  5.16  shows  the  effect  of  bias  voltage  on  the 
percentge  depth  of  the  interfacial  region.  Again  the  same 
arguments  depicted  in  the  preceeding  section (5 . 3 . 3) for  radia¬ 
tion  diffusion  and  cascade  mixing  are  applicable.  An  important 
advantage,  however  of  using  high  ion  plating  at  reasonably 
low  gas  pressure  is  that  the  contamination  level  is  kept  to 
minimum.  For  example  the  atomic  percentage  of  trapped  argon 
did  not  exceed  2%  while  the  atomic  percentages  of  contaminants 
of  oxygen  and  carbon  did  not  exceed  4.5%. 


V, 


Effect  of  evaporation  rate  and  substrate  temperature 
Fig.  5.17  shows  the  effect  of  evaperation  rate  on 


the  interfacial-region  depth.  It  is  shown  that  increasing  the 
evaporation  rate  results  in  decreasing  the  graded  depth. 

The  effect  of  substrate  temperature  is  also  shown  on  the  same 
figure . 

5.4  Optimum  processing  conditions  for  extensive  graded 

interfaces 

The  optimum  processing  conditions  leading  to  the  for¬ 
mation  of  extensive  graded  interfaces  are  summarized  in  fig. 
5.18.  These  results  are  all  obtained  for  coated  substrates 
at  180  °C  or  less  Higher  substrate  temperatures  would  grener- 
ally  enhance  the  diffusion  process.  It  is  shown  that  such 
interfaces  can  be  formed  at  moderately  low  gas  pressure  and  high 
bias  voltage.  For  light  substrate  atoms  and  reactive  subs¬ 
trates  it  is  recommended  to  use  the  low  gas  pressure  zone. 

For  heavy  substrate  atoms  and  less  reactive  substrates  the 
high  pressure  zone  would  generally  give  more  extensive  inter¬ 
faces.  In  all  cases  the  operating  mechanisms  are  the  radiation- 
enhanced  diffusion,  cascade  diffusion,  atomistic  mixing  of 
substrate  and  film  atoms,  penetration  and  entrapment.  At  high 
substrate  temperatures  however , thermal  diffusion  may  dominate 
the  formation  of  diffused  interfaces. 
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CHAPTER  6 
ADHESION  TESTING 

6 . 1  Introduction 

Adhesion  can  be  defined  as  the  ability  of  two  materials 
to  remain  in  contact  under  a  tensile  force.  Two  difficulties 
are  often  exercised  in  measuring  adhesion  between  thin  met¬ 
allic  films  and  substrates.  These  include  the  difficulty  in 
obtaining  perfect  contact  or  even  a  known  area  of  perfect 
contact  and  the  inability  to  apply  pure  tensile  stresses  nor¬ 
mal  to  the  interface  without  attaching  a  connection  to  the 
thin  film(54  ).  Lack  of  susceptibility  of  adhesion  to  measure¬ 
ment,  encouraged  many  investigators  to  neglect  the  above  men  - 
tioned  defintion  and  to  look  out  for  new  definitions  and  mea¬ 
sures  . 

6.1.1  Scratch  test 

The  scratch  test (55)  has  long  been  used  in  quantit¬ 
ative  measurements  of  thin  film  adhesion  .  In  this  test,  a 
finely  pointed  stylus  is  drawn  across  the  film  under  incr¬ 
easing  normal  loads.  The  critical  load  required  to  strip  the 
film  from  the  substrate  and  leave  a  clear  track  behined  it  is 
taken  as  a  measure  for  adhesion.  Analysis  of  the  failure 
mechanism (56)  was  used  to  correlate  measured  creitical  forces 
to  interfacial  bonding.  In  a  more  recent  work  (57)  the  process 
was  shown  to  be  more  complex  than  was  previosly  visualized, 


and  that  the  failure  mechanism  varies  from  one  system  to  an¬ 
other  making  a  single  theoretical  model  untenable.  It  was 
also  found  that  the  transparency  of  the  track  is  not  a  sui¬ 
table  measure. 

6.1.2  Pull  test 

The  pull  test  (58)  was  used  to  measure  the  tensile 
force  required  to  pull  the  film  from  the  substrate  surface. 
Pins  were  soldered  to  various  metal  films  either  directly  or 
through  an  overcoat.  The  pins  were  then  subjected  to  either 
a  tensile  force  (59)  or  bending  force  (57)  .  In  either  case 
the  method  of  applying  the  load  remained  questionable  as  reg¬ 
ards  the  effect  of  soldering  process  on  interface  stability, 
structure,  and  strength. 

6.1.3  Tensile  test 

Tension  tests  conducted  on  coated  tensile  test 
specimens(4)  and  on  coated  fibers  (60)  proved  to  be  reasonable 
qualitative  methods.  Tensile  tests  made  by  centrifugal  forces 
of  a  rotating  disc  in  vacuum(61)  were  also  used  but  no  direct 
correlation  between  adhesion  and  the  critical  angular  speed 
at  which  film  failure  was  observed  can  be  deduced.  A  similar 
technique  utilizing  forces  generated  by  longitudnal  vibrations 
of  a  coated  beam  was  adopted,  but  the  generated  forces  were 
found  to  be  usually  limited  and  insufficient  to  detach  the 


6.1.4  Peel  tests 


Tape  peel  tests  (62)  are  still  in  qualitive  use, 
inspite  of  the  fact  that  this  test  failed  to  produce  any 
reasonable  measure.  This  test  was  further  developed  (63)  to 
test  the  shear  strength  of  a  lap  joint  with  interfacial  film. 
Shear-test  results  showed  scatter  over  an  order  of  magnitude 
of  the  measured  value 

6 . 2  Adhesion  test  results 
6.2.1  Preliminary  results 
a-  Ultrasonic  test. 

In  the  present  work  ultrasonic  cleaning  was  made  to 
each  and  every  produced  film  prior  to  any  subsequ¬ 
ent  processing  and  or  testing.  Ultrasonic  vibratory 
motion  is  a  well  known  simple  adhesion  test(43). 

This  test  has  never  resulted  in  adhesion  failure  of 
ion  plated  films.  On  the  contrary  all,  vacuum  deposi¬ 
ted  films  which  were  made  by  straight  evaporation  in 
vacuum  showed  considerable  film  detachment  after  1-2 
minutes  ultrasonic  testing,  see  table  (6.1)  for 
metal  combinations  and  results. 


b-  Tape  test 

In  this  test  strong  adhesive  tape  is  pressed  onto 
the  surface  film.  The  tape  is  then  pulled  off,  and 
adhesion  is  classified  according  to  whether  the  film 
is  wholly,  partially,  or  not  stripped  by  the  tape. 
This  test  again  never  resulted  in  film  stripping 
when  used  on  ion-plated  films.  Vacuum  deposited  coa¬ 
tings  consistantly  were  wholly  stripped,  while 


6.2.2  Tensile  test 

In  the  present  work,  Hounsfield  tensile  test  speci¬ 
mens  of  0.04  m  length,  6  mm  diameter  and  12.6  mm  gauge  length 
are  used.  To  extend  comparisons  to  non-compatible  metal  pairs 
as  well  as  compatible  combinations,  three  base  metals  were 
selected.  These  are  70/30  Brass,  0.1%  carbon  mild  steel,  and 
99.95%  pure  Aluminium.  The  specimens  of  all  three  base  metals 
were  coated  by  both  ion  plating  and  vacuum  coatings.  The  average 
film  thickness  was  estimated  to  be  3  jim  for  ion  plated  films 
and  5  jim  for  vacuum  deposited  coatings. 

Ion  plated  silver  films  on  brass  test  specimens 
(compatible)  remained  intact,  and  the  film  plastically  flowed 
with  the  bulk  substrate  as  shown  in  figure (6. la)  .  The  vacuum 
deposited  silver  film,  however,  broken  down  showing  wide  sur¬ 
face  cracks  as  early  as  the  necking  has  just  started,  see  for 
example  figure  (b)  .  A  small  effect  of  1.5%  increase  in  ultimate 

fracture  load  was  recorded  for  the  ion  plates  test  specimens, 
while  trifling  effects  up  to  0.1%  were  recorded  for  vacuum 
test  specimens. 

On  the  other  hand,  ion  plated  aluminium  films  on 
steel  test  specimens (non-compatible )  remained  also  intact  and 
plastically  flowing  with  the  bulk  substrate,  while  the  vacuum 
deposited  Al  film  peeled  off  at  1.0%  strain.  Figure  6.2  shows 
the  ion  plated  test  specimen  in  necking  conditions,  in 
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(b)  PULLED  UP  TO  0.1%  STRAIN,  V.D. 


comparison  with  the  vacuum  deposited  specimen,  unloaded  after 
1%  strain  as  the  film  peeled  off. 

All  tensile  test  results  indicate  outstanding  adhes¬ 
ion  for  the  ion  plated  films  where  the  interfacial  strength 
was  capable  to  take  tensile  stresses  up  to  the  ultimate  str¬ 
ength  of  the  specimen  without  any  predictable  failure. 

6.2.3  Pull  test 

A  cy Under ical  rod  1  cm.  diameter  and  8  cm  long  made 
of  mild  steel  was  stuck  onto  the  film  surface  with  epoxy  resin 
After  curing  of  the  resin  the  plated  specimen  was  mounted  as 
shown  in  figure  6.3  and  a  gradually  increasing  load  is  applied 
to  the  free  end  of  the  rod.  The  adhesion  strength  is  estimated 
to  be  the  maximum  resultant  stress,  when  the  rod  falls  down 
stripping  the  film.  Therefore  the  adherence  strength  (A)  is 
given  by  : 

A  =  7.995  (w  +  0.11)  N/mm2 
where  w  is  the  applied  load  in  kgs. 

A  limiting  value  for  this  test  is  determined  by  the 

2 

strength  of  the  cement  used,  which  is  58.86  N/mm  . 

With  ion  plated  films  silver  films  on  copper  substrstes  fail¬ 
ure  has  never  took  place  at  the  film  substrate  interface.  It 
was  either  between  the  binding  resin  and  the  film  or  between 
the  binding  agent  and  the  rod.  In  few  cases,  however,  failure 
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occurred  within  the  resin  itself.  This  implies  that  the  adhe¬ 
rence  strength  of  the  film  is  exceeding  the  test  limiting  value 

Vacuum  deposited  films  consistently  showed  inter- 

2 

facial  failures  at  stress  level  of  16.7  N/mm  .  These  films 
were  produced  by  straight  evaporation  in  vacuum  without  sub¬ 
strate  precleaning.  Admission  of  inert  gases  into  the  chamber 

during  the  depostition  resulted  in  poorly  adherent  coatings 

2 

reaching  a  stress  level  of  1.96  N/mm  at  30  um  Argon  pressure. 
Precleaning  of  the  substrate  by  Sputter  etching  up  to  30  minu¬ 
tes  prior  to  film  deposition  resulted  in  better  adherence 

2 

strength  of  up  39.2  N/mm 

Electroplated  films,  however,  showed  a  consistant 

2 

interfacial  failure  within  the  range  20-28.4  N/mm  .  On  the 

other  hand  Sputtered  films  frequently  showed  interfacial  fail- 

2 

ures  within  the  range  42.18-51  N/mm  .  In  two  odd  cases,  how¬ 
ever,  Sputtered  film  showed  interfacial  strength  exceeding 

2 

the  test  limit  o  >  59  N/mm  ,  and  therefore  failure  took  place 
within  the  resin. 

6.2.4  Scratch  test 

In  this  test  both  scratch  diamond  and  Knoop  inden- 
ters  were  used  to  test  film  adherence  on  a  Leitz  miniload 
microhardness  tester.  Films  of  up  to  5  urn  thickness  were  depo¬ 
sited  on  copper  substrates  for  this  purpose.  The  scratches 


were  produced  with  the  indenter  moving  at  a  constant  speed 
of  0.5  mm/  minute.  This  was  achieved  by  coupling  a  1  rev/ 
minute  D.C.  motor  to  the  front  micrometer  of  the  tester  table. 
Scanning  electron  microscopic  examination  of  the  scratches 
confirmed  the  outstanding  adhesion  of  the  ion  plated  films. 

At  small  loads  (up  to  50  grams)  vacuum  deposited  films  showed 
high  surface  deformation  and  film  distortion  around  both  sides 
of  the  scratch,  while  the  ion  plated  films  showed  very  smooth 
scratch  edge,  indicating  strong  adhesion  every  where  up  to 
the  scratch  edge. 

When  the  load  was  increased  to  200  grams,  the  vacuum 
deposited  films  showed  complete  detachment  from  substrate, 
while  the  electroplated  films  showed  localized  rupture  and 
localized  detachment  particularly  at  the  scratch  edge.  Figure 
6.4  shows  such  remarkable  features.  On  the  other  hand  Sputt¬ 
ered  films  showed  nonuniform  track  width  with  film  grains 
being  knocked  out  of  the  loosely  packed  grain  structure  of 
the  film,  while  the  ion  plated  film  remained  intact  right  up 
to  the  scratch  edge  as  shown  in  figure  6.5  .  These  remarkable 
differences  adds  up  to  the  qualitative  assessment  of  ion  plated 
film  adhesion  as  compared  with  conventional  coatings. 

6.2.5  Shear  test 

The  shear  test  was  also  used  to  determine  inter¬ 
facial  shear  stresses  of  ion  plated  films  at  which  interfacial 
adherence  failure  may  occur. 


Thin  copper  strip  was  cemented  to  film  surface  by  means  of  a 
special  epoxy  cement.  A  gradually  increasing  load  was  applied 
to  the  strip  and  shear  stresses  are  worked  out  at  the  load 
causing  interfacial  failure. 

For  thin  films  up  to  1  um  the  shear  failure  never 
occurred,  either  within  the  film  or  the  interface.  It  was 
generally  observed  within  the  binding  epoxy  resin.  When  thick 
films  (5-10  jim)  were  tested  the  shear  failure  generally  took 
place  within  the  film  itself.  Therefore,  it  was  almost  imposs 
ible  to  achieve  any  quantitative  value  for  adhesion  by  these 
conventional  tests. 


Fig.  6  3 

PULL  TEST  ARRANGEMENT 


6.2.6  X-ray  diffraction;  A  quantitative  measure 
X-ray  diffraction  has  been  successfully  employed  for  measure¬ 
ments  of  mechanical  properties  of  ion-plated  films  (5) .  The 
authors,  however,  extended  the  idea  of  employing  x-ray  diffrac¬ 
tion  in  measurement  of  mechanical  properties  into  a  new  area  of 
adhesion  measurements.  In  this  test  silver  coatings  were  deposi¬ 
ted  on  the  gauge  length  of  flat  copper  test  specimens.  Coated 
specimens  were  produced  two  at  a  time,  allowing  a  spare  specimen 
for  annealing  and  measurement  of  lattice  parameter  of  stress  free 
film.  The  specimen  under  consideration  was  mounted  on  a  special 
straining  device.  The  device  was  so  designed  in  compact  size  to 
suite  mounting  on  specimen  holders  of  x-ray  apparatus.  Figure  6.6 
shows  the  mounted  straining  device  in  the  test  set  up.  A  cali¬ 
brated  strain  gauge  load  cell  was  also  built  in  the  device  to 
read  the  applied  tensile  load,  and  hence  the  mode  of  deformation 
of  the  specimen.  Since  the  specimen  is  coated  within  the  gauge 
length  only,  film  strain  is  provided  only  by  interfacial  bonding 
at  the  film  substrate  interface. 

Stress  free  specimens  were  checked  for  flatness  by  optical 
microscope  prior  to  mounting  into  the  device.  Leveling  of  moun¬ 
ted  specimens  was  achieved  by  leveling  screws,  which  are  inser¬ 
ted  into  the  device.  After  each  incremental  loading  releveling 
was  made  for  the  loaded  specimen.  Preselected  incremental  loads 
were  applied  in  steps  with  the  total  load  displayed  from  the 
device  load  cell.  Cobalt  radiation  was  then  used  and  the  counter 


diffractometer  was  set  to  count  the  reflected  intensity  by  step 
scanning  over  the  silver  peaks. 

Analysis 

Employment  of  x-ray  diffraction  in  stress  and  strain  measurements 
necessarily  requires  accurate  measurements  of  lattice  strain (68). 
Every  substance,  however,  has  a  unique  set  of  planer  specings 
d^^,  associated  with  some  reflection  angles  0^^.  They  are  rela¬ 
ted  to  each  other  by  the  well  known  Bragg  equation 

nX  *  2  dhki  sln  (6hki> 
where  A  is  the  radiation  wave  length. 


The  d  values  define  the  lattice  parameters  of  any  atomic  struc¬ 
ture  through  a  structure  geometry  relationship.  For  face 
centered  cubic  metals  (  e.g.  Silver) 

the  relationship  is  given  by  : 


Because  of  the  high  resoultion  at  high  Bragg  angles,  the  a  values 
must  be  determined  at  the  different  (hkl)  peaks  up  to  the  highest 
possible  Bragg  angle  (0).  Further  minimzation  of  errors  necessa¬ 
rily  requires  extrapolation  of  the  a  values  up  to  0  =  90°. 

Once  the  lattice  parameter  is  determined  for  the  plane  parallel 
surfaces  at  any  stress  level,  the  engineering  definition  of 
strain  is  used  to  calculte  lattice  strain  (e  ) 


where  aQ  is  the  lattice  parameter  of  stress  free  lattice. 


Since  the  bulk  yield  of  the  film  is  associated  with  plan  slip 

rather  than  lattice  deformation,  the  initial  yield  strain  of 

the  film  can  be  defined  interms  of  the  maximum  lattice  strain. 

Therefore,  the  yield  strength  of  the  film  (o )  is  given  by 

o  =  E  em/v 
m 

where  E  is  the  Young's  modulus  of  elasticity, 

v  is  the  poisson's  ratio.,  and 

e  maximum  lattice  strain 
m 

The  coating  atoms  covering  the  necking  zone  of  the  specimen  are 
generally  expected  to  suffer  the  highest  stress  'level  within  the 
film.  This  is  due  to  the  biaxial  state  of  stress  within  such 
zone.  Interfacial  bonding,  however,  would  generally  allow  film 
atoms  to  share  in  the  increasing  load,  and  hence  lattice  strain 
is  due  to  occur  .  Once  interfacial  failures  dose  occur  ,  these 
atoms  are  expected  to  show  some  recovery  as  a  result  of  relaxa¬ 
tion  from  axial  stresses.  This  can  be  easily  predicted  by  the 
sudden  recovery  in  lattice  strain  or  lattice  parameter  (a) . 

Results 

Since  the  above  mentioned  analysis  essentially  requires  a 
considerable  amount  of  data  handling, Results  were  obtained 
through  a  computer  program  which  resolves  the  radiation  reflec¬ 
tion  into  two  monochromatic  ka^  and  ka2  radiations,  by  doublet 
separation  at  each  peak,  having  done  this  the  lattice  parameter 
is  computed  for  each  peak  data,  and  extrapolation  is  made  by  a 
chebyshev  polynomial  of  the  fourth  order  .  The  process  is  then 
repeated  at  each  loading  level.  An  increasing  value  of  (a) 


indicates  elastic  node  of  deformation  for  the  film,  while  a 
constant  value  of  (a)  indicated  either  localized  yielding  or 
bulk  film  plastic  flow  .  Any  subsequent  reduction  in  (a) ,  how¬ 
ever  insicates  either  film  failure  or  interfacial  failures  . 
Examination  of  film  surface  by  scanning  electron  microscopy 
at  some  later  stage,  defines  whether  film  or  inte^  interfacial 
failure  are  responsible  for  the  recovery  of  the  lattice  strain  . 
Accurate  determination  of  interface  strength  was  achieved  for 
various  silver  coatings  deposited  by  different  technques  under 
different  processing  conditions.  These  are  summarized  in  table 
5.3.  Further  experimental  results  correlating  adhesion  with 
processinf  conditions  are  now  in  progress,  and  the  will  be  repor¬ 
ted  in  the  final  report  . 


Interface  Strength  Ag/Cu 

Process 

Weighted 

average 

N/mm2 

Remarks 

From 

N/mm2 

To 

N/mm2 

VD 

12.4 

28.8 

16.3 

Low  values  for  poorly 
precleaned  substrates  and 
high  values  for  Sputter 
etched  substrates 

EP 

16.5 

47.4 

34.7 

Low  values  for  low  curr¬ 
ent  densities  and  high 
values  for  high  current 
densities . 

SP 

36.8 

69.3 

65.4 

High  values  obtained  for 
low  Sputtering  yield. 

IP 

73.1 

78.6 

76.1 

High  values  for  high 
energy  deposition 

Table  6.3  Measured  interfacial  strength  by  x-ray 
diffraction  for  Ag/Cu  system. 


CHAPTER  7 
STRUCTURAL  DETAILS 


7 . 1  Introduction 

A  diverse  range  of  film  characteristics,  physieal  and  mechanical 
properties  can  be  obtained  by  controlling  the  film  structure. 

Film  columnar  growth,  nodular  grains,  and  film  aggregates  have 
been  reported  for  ion  plated  films  produced  under  specific  proces¬ 
sing  conditions  (40,52)  .  The  aggregates  and  nodule  boundaries 
are  very  vulnerable  to  chemical  attack,  and  corrosion  initiation. 
Cracks  may  also  initiate  at  these  boundaries  causing  stress 
concentration  and  shortening  the  fatigue  life  of  the  component. 
Furthermore,  the  wear  rate  of  surface  coating  and  film  life  are 
very  much  dependent  on  both  the  failure  mechanism  which  may 
produce  a  loose  wear  particle  and  the  microstructure  of  the 
surface  film  itself. 

The  microstructure  of  vacuum  deposited  coatings  is  investigated 
in  several  reports  (64-66).  The  field  effects  on  the  microstru¬ 
cture  of  the  substrate  may  be  extracted  from  the  reported  effects 
of  ion  bombardment  on  the  cathode  in  bias  sputtering  (67)  .  The 
structural  morphology  of  the  ion  plated  coatings  is  also  demons¬ 
trated  in  a  recent  work  (4).  The  results  indicate  that  the  struc¬ 
ture  of  the  ion  plated  films  is  significantly  affected  by  the  bias 
voltage,  whilst  the  structure  of  vacuum  deposited  coatings  is 
primarily  determined  by  the  deposition  rate  and  the  substrate 
temperature.  They  concluded  that  the  presence  of  gas  scattering 
reduces  the  dependency  of  structure  on  the  deposition  rate  . 


The  objectives  of  the  present  work  are  to  present  now  studies 
on  the  characteristics  of  ion  plated  coatings,  and  the  effect 
of  the  roost  important  processing  parameters  on  these  characte¬ 
ristics  . 

7.2  EXPERIMENTAL 

In  the  present  study,  copper  films  are  deposited  on  copper  subs¬ 
trates  by  ion  plating  .  A  particular  advantage  of  using  this 
system  (Cu-Cu)  is  that  the  same  chemical  solution  is  used  for 
etching  both  the  substrate  and  the  film  .  Titanium  substrates 
are  also  used  for  its  high  ability  to  be  contaminated  with  oxy¬ 
gen,  nitrogen, hydrogen,  carbon  monoxides  and  carbon  dioxiodes. 
These  contaminations  are  more  serious  for  titanium  than  for  any 
other  metal.  Since  these  gases  do  not  only  form  surface  compou¬ 
nds,  but  also  penetrate  into  the  titanium  lattice  causing  high 
hardness  or  severe  embrittlement,  they  are  expected  to  seriously 
affect  the  microstructure  of  the  deposited  film. 

For  the  latter  substrates,  aluminium  films  are  deposited  on  tita¬ 
nium  substrates  by  ion  plating.  The  main  prblem  of  this  system 
(AI-Ti)  is  the  extreme  difficulty  to  prepare  satisfactory 
etched  sections  through  the  aluminium,  Al-Ti  interface,  and  the 
titanium  substrate.  Several  etching  techniques  were  tried, 
without  success.  The  mechanical  method  suggested  by  the  IMI  new 
metal  division  for  polishing  by  silicon  carbide  paper  up  tp  600 
grits  as  usual.  This  was  followed  by  a  final  polishing  on  a 
diamond  wheel  with  alumina  suspension  in  water  as  a  polishing 
paste. 


Finally  the  specimen  was  etched  by  the  developed  etching  solu¬ 
tion  of  3%  hydroflouric  acid  and  2%  nitric  acid  in  water. 

Optical,  replica,  and  scanning  microscopy  are  used  in  examining 
the  microstructure  of  the  sectioned  test  specimens. 


7.3  RESULTS 

Altogether  100  test  specimens  were  prepared  under  ion  plating 
conditions  within  the  ranges  shown  in  table(7.1).  Inthese  deposi 
tion  experiments, argon  was  used  as  the  discharge  gas,  the  subs¬ 
trates  were  square  sheet.  04x.04  m,  and  the  cathode  to  anode 
distance  was  0.16  m  . 


metal 

Gas 

Subst- 

Conating 

Deposi- 

Bias 

Power 

pair 

pressure 

rate 

thick- 

tion 

Volt- 

um  Hg  Ar 

temp .  C 

ness  ym 

rate 
y m/min . 

age 

Kv 

watts 

Cu/Cu 

10  -  50 

below 

1  -  50 

2-5 

rm 

15-40 

Al/Ti 

5-55 

100  °C 

1  -  50 

1  -  8 

ISfi 

12-52 

Table  (7.1):  Processing  conditions  of  the  ion  plated  films 


7.3.1  Microstructure 

The  effect  of  substrate  bias  voltage  on  film  structure  is  shown 
in  figure  (7.1)  for  Cu-Cu  and  in  figure  (7.2)  for  Al-Ti  systems. 
It  is  seen  that  the  effect  of  increasing  the  substrate  voltage 
is  to  produce  clean  surface  during  film  deposition,  thus  redu¬ 
cing  the  chances  of  growing  domed  nodular  grains  at  contaminated 
surface  points.  Apart  from  particle  implantation  and  interface 
formation,  increasing  the  bias  voltage  introduces  higher  energy 
into  the  system,  which  in  turn  increase  the  average  kinetic 
energy  of  the  impinging  particle,  thereby  results  in  fine  dense 


A  note  worthy,  however,  is  that  if  the  substrate  is  not  effi¬ 
ciently  cooled  in  such  away  that  the  heat  generated  by  surfa¬ 
ce  bombardment  is  taken  away  by  the  water  cooling,  bulk  sub¬ 
strate  temperature  may  go  up, giving  rise  to  problems  of  grain 
growth  and  coarse  grain  structure.  Such  effects  are  illustrated 
in  figure  (7.3)  by  electron  microscope  micrographs  taken  for  a 
shadowed  carbon  replica. 

The  effect  of  gas  pressure  is  more  conveniently  illustrated  by 
the  microstructure  of  Al-Ti  system  as  shown  in  figure  (7.4). 

It  is  shown  that  the  effect  of  high  gas  pressure  (45  um  Hg)  is 
to  produce  more  film  aggregates.  These  are  much  smaller  in  size 
as  compared  with  the  domed  grains  found  in  vacuum  deposted  films. 
On  the  other  hand,  lower  gas  pressures  (15  um  Hg)  showed  a  very 
limited  number  of  film  aggregates  which  are  considerably  smaller 
in  size.  Such  effects  are  less  pronounced  in  Cu-Cu  system. 

7.3.2  Surface  Structure 

The  surface  structure  of  the  film  is  investigated  by  both  sca¬ 
nning  electron  microscopy  and  by  the  foil  technique  on  a  tra¬ 
nsmission  electron  microscope.  The  main  objrctives  of  this 
study  was  to  establish  the  density  of  voids,  porosity  and  gra¬ 
in  boundaries  within  the  surface  of  the  film.  These  are  the 
basic  parameters  in  the  assessment  of  anticorrosive  coatings, 
where  the  corrosive  media  finds  its  way  to  the  substrate  thro¬ 
ugh  such  surface  defects.  Apart  from  the  porosity,  the  nodular 
grain  density  is  also  very  important.  This  is  simply  because 
these  nodules  are  usually  very  poorly  adherent  and  can  be  lost 
when  the  component  is  subjected  to  mechanical  stresses. 


45  nm  Hg 
Figure  of 
merit  74 
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Figure  (t.5)  shows  a  high  magnification  transmission  microgra¬ 
phs  obtained  for  foils  which  are  produced  by  chemical  etching 
of  the  substrate.  These  are  made  for  film  thicknesses  of  8,10 
and  20  um  respectively.  Generally,  it  is  found  that  the  grain 
size  increases  with  increasing  film  thickness.  The  films  having 
finer  grain  sizes  (thinner  films)  showed  more  of  the  film 
pitting  caused  by  chemical  attack  of  the  etching  solution. 

This  is  probably  due  to  the  high  surface  to  volume  ratio  in 
some  areas  of  the  thin  films.  A  pitting  pattern  of  the  thin 
film  (8  um)  is  shown  in  full  in  figure  (7.6). 

7.4  Nodule  Density 

Nodule  density  (number  per  unit  area)  is  measured  directly  in 
radom  areas  on  the  screen  of  a  scanning  electron  microscope. 


The  result  are  summarized  in  table  (7.2).  These  results  show 
that  the  vacuum  deposited  films  are  inferior  to  the  ion  plated 
films,  furthermore,  the  high  energy  ion  plated  films  contain 
more  film  nodules  when  compared  with  the  low  energy  films. 


Film 

Nodule 

Density  per  cm2 

Uli  X  v  JV1 o  9 

(um) 

Ion  plated 

3  Kv,  35  ym  Hg 

Ion  plated 

5  Kv,  35  ym 

Vacuum 

Deposited 

1 

0 

0 

100 

2 

0 

0 

393 

4 

500 

632 

1811 

6 

720 

1004 

- 

8 

1107 

1313 

2324 

10 

1564 

2130 

3640 

Table  (7.2)  :  Nodule  density  as  measured  on  random  areas 


of  test  specimens. 


7.5  Porosity  Density 

Accelerated  tests  were  made  by  using  a  direct  contact  galva 
nic  cell.  Aluminium  coated  on  titanium  test  specimen  is  made 
the  anode  and  a  low  carbon  steel  specimen  of  the  same  surface 
area  is  made  the  cathode  of  4  volt  Dc  circuit.  The  two  ele¬ 
ctrodes  are  made  as  a  sandwich  in  which  a  filter  paper  wetted 
by  the  electrolyte  is  inserted.  Five  percent  chromotropic  acid 
(C i o  ^8  ^0  S2)  with  a  few  drops  of  5%  stannous  chloride  are 
used  to  make  the  filter  paper  uniformly  damp. 

The  presence  of  stannous  chloride  had  the  sdvantage  of  preve¬ 
nting  the  chemical  reaction  between  the  steel  cathode  and  the 
chromotropic  acid,  hence  preventing  the  ferritic  salts  to  inter 
fere  and  forming  a  greenish  colour.  The  reaction  between  the 
uncovered  area  of  the  anode  (Ti)  and  the  electrolyte  is  acceler 
ated  by  the  activation  of  the  Dc  potential.  The  reaction  con¬ 
tain  Ti02  of  redish  colour  which  contaminates  the  filter  paper 
and  is  detected  by  the  red  spots  appearing  on  the  damp  filter 
paper . 


Thick  film  ( > 1 0  urn)  did  not  show  any  significant  porosity 
density,  whilst  thin  films  showed  high  density  of  surface 
voids,  pinholes  and  pores.  Table  (7.3)  shows  the  porosity 
density  as  measured  over  an  area  of  16  cm2. 


Film  thickness 

(um) 

Number  of  pores/ 16  cm* 

Ion  plated  3  Kv,  nm  Hg 

Remarks 

0.5 

293 

Medium  spots 

0.8 

244 

Medium  " 

1 .0 

176 

•1  M 

2.0 

109 

Faint  " 

4.0 

10 

II  It 

10.0 

1 

very  faint  spoi 

12.0 

0 

- 

15.0 

0 

Table  (7.3):  Surface  porosity  of  ion  plated  films 


7.6  OPTLMUM  PROCESSING  CONDITONS 


A  relative  scale  of  figure  of  merit  based  on  the  morphology  of 
the  deposited  film  was  defined  as  shown  in  table  (7.4)  Based 
on  the  presented  exerimental  results,  it  was  found  that  the 
fifure  of  merit  can  be  correlated  to  the  most  important  deposi¬ 
tion  parameters  throough  consisten  relationship  . 


Property 

wm 

Full  points 
are  given  for 

Zero  points 
are  given  for 

Adhesion 

20 

No  interfacial 
failure 

Interfacial 

failure 

Grain  size 

Grain  shape 

10 

10 

4000  A°  or  less 
Equiaxed/ 

Rounded 

10,000  A°  or  higher 
Elongated 

Porosity  densit 
Nodules  &  aggre 
gates  density 

y  10 
-  10 

Zero/  cm* 

Zero/  cm* 

15/  cm*  and  higher 
1000/cm*  and  higher 

Mech.  Propertie 

s  10 

Comparable  to 
bulk  of  film 
metal  or  hiqher 

50%  reduction  in 
values  of  bulk 
film  metal 

Grain  boundary 
cracks 

10 

Zero  cracks 

Loosely  packed 
grains 

Orientation 

5 

No  prefered 
orientation 

Columnar 

Surface 

roughness 

5 

Comparable  to 

substrate 

roughness 

Double  substrate 
roughness 

Uniformity 

40&  variation  or 
higher 

Figure  (  7.7)  and  (  7.8)  shows  the  effect  of  gas  pressure  and 
bias  voltage  on  figure  of  merit  for  low  and  high  deposition 
rates  respectively.  It  is  shown  that  the  figure  of  merit  decr¬ 
eases  as  the  deposition  rate  is  increased.  If  the  deposition 
rate  is  held  constant,  however,  the  figure  of  merit  decreases 
as  the  pressure  increases,  and  it  increases  as  the  bias  voltage 
increases.  Such  relationships  may  be  used  in  selecting  optimum 
processing  conditions  for  producing  near  ideal  film  character i 


sties . 


CHAPTER  6 

MECHANICAL  PROPERTIES 


8 . 1  Microhardness  tests 

A  leitz  miniload  microhardness  tester  is  used  in  measuring  the 
microhardness  distribution  within  a  film-substrate  cross  seer 
tions  and  also  for  measuring  the  surface  hardness  of  various 
films.  Fig.  8.1  shows  the  microhardness  measurements  across  a 
25  jxm  thick  silver  film  on  copper  substrate.  Fig. 8. 2  shows  the 
variations  in  hardness  with  film  thichness  for  A1  film  on 
titanium  substrate.  The  surface  hardness  measurments  made  for 
both  the  film  and  the  interface  for  Al  coated  titanium  sheets 
are  also  shown  in  fig.  8.3. 

8 . 2  X-Ray  measurements 

The  x-ray  set  described  earlier  in  section  6.2.6  was  used  again 
for  simultanious  measurments  of  film  thickness,  grain  size  and 
yield  stress  of  silver  films  on  copper  substrates.  Fig.  8.4  shows 
the  variations  in  yield  stress  and  grain  size  with  film  thick¬ 
ness  . 

8 . 3  Fatigne  Strength 

Rotating  bending  fatigue  tests  were  made  on  steel  test  speci¬ 
mens,  sputter  etched  specimens,  and  aluminium  coated  specimens. 
The  S-  N  curves  of  these  tests  are  shown  in  fig.  8.5.  It  is 
shown  that  the  sputter  etching  psocess  results  in  accelerated 
fatigue  damage  due  to  stress  concentration  at  grain  boundaries. 
The  ion  plated  films  however  showed  improved  fatigue  strength 
due  to  localized  sealing  at  grain  boundaries.  On  the  contrary. 


Microhardness  (Knoop  scale) 
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THE  EFFECT  OF  SURFACE  COATINGS  ON  THE  FATIGUE  LIFE 
C  ALUMINIUM/STEEL  ) 


thick  films  of  Rongh  domed  structures  showed  lower  fatigue 
strength.  It  is  therefore  beleived  that  thin  uniform  coatings 
of  chromium  which  can  result  in  residual  compressive  stresses 
at  the  surface  are  beneficial  in  this  respect,  but  unfortuna¬ 
tely  the  present  ion  plating  facilities  does  not  include  an 
electron  beam  gun  for  evaporation  of  chromium  . 


CHAPTER  9 


FRICTION  AND  WEAR 

9 . 1  Introduction 

This  chapter  is  devoted  to  the  experimental  work  made  on  ion 
plated  soft  metallic  films  of  lead,  Indium,  tin  and  silver  . 

A  convrntional  pin  disc  machine  was  used  for  normal  atmosphere 
tribotesting  of  the  soft  coatings  on  steel  EN-31  substrates. 

The  steel  substrates  were  finely  ground  to  a  surface  roughness 
better  than  0.18  |im  C.L.A. 

9 . 2  Fciction-time  relationships 
Fig.  9.1  shows  a  comporison  between  the  coefficients  of  friction 
of  silver  coatings  deposited  by  different  techniques.  The  longer 
life  and  effectiveness  of  the  ion  ptated  films  are  attributed  to 
the  strong  adhesion  at  the  film  substrate  interface.  The  effecti¬ 
veness  of  various  ion  plated  coatings  are  also  compared  in  figure 
9.2.  Among  these  the  lead  film  showed  the  best  results.  This  was 
attributed  to  the  good  lubrication  preperties  of  lead  oxides  pbO. 
(69)  . 

9.3  Effect  of  sliding  speed 

The  coefficient  of  fsxction  was  measured  after  the  tenth  revolu 
tion  of  the  disc  for  a  range  of  sliding  velocities.  These  rese- 
sults  are  shown  in  fig.  9.3  where  a  maximum  reduction  of  about 
20%  occured  for  changes  in  velocity  of  more  than  one  order  of 
magnitude  . 


FRICTION  HISTORY  OF  SILVER  FILMS 


FRICTION  HISTORY  OF  FOUR  I CN  PLATED  FILMS 
C  SILVER,  LEAD,  INDIUM  &  TIN  ) 


This  change  in  the  coefficient  of  friction  is  attributable  to 
thermal  softening,  particularly  for  the  film  material  in  the 
regions  of  contact.  This  thermal  softening  results  in  a  reduction 
in  shear  strength  at  the  contacts  without  significant  reduction 
in  the  load  carrying  capacity,  thereby  producing  a  lower  value 
of  the  coefficient  of  friction  . 

The  life  was  shown  to  be  much  more  dependent  on  velocity  than  on 
the  coefficient  of  friction.  (Fig.  9.4).  For  a  given  film  thic¬ 
kness  the  life  of  the  film  may  be  interpreted  approximately  as 
the  length  of  sliding  to  achieve  a  given  wear  volume  of  films  of 
the  same  initial  thickness.  These  results  are  shown  in  fig.  9.5. 
The  generally  accepted  law  that  the  wear  volume  is  a  linear 
function  of  the  sliding  distance  in  not  universally  true  at 
different  velocities.  Indeed  one  obtains  the  surprising  result 
with  lead  that  the  same  amount  of  wear  requires  a  greater  sli¬ 
ding  distance  at  the  higher  velocities,  whilst  the  contrary  is 
true  with  indium.  With  silver  the  law  appears  to  be  validated  . 
The  effect  of  increasing  sliding  speed  is  to  produce  higher 
contact  temperatures  which  result  in  some  degree  of  thermal 
softening  .  This  mechanism  would  explain  the  behaviour  of  the 
very  soft  indium  films  and,  at  the  velocities  considered,  the 
relatively  much  harder  silver  films.  On  this  basis  the  lead  film 
would  be  expected  to  lie  between  these  two  results  rather  than 
demonstrate  the  actual  behaviour  shown  in  Fig.  9.5.  This  apparent 
discrepancy,  which  has  already  been  noted  in  the  film  life  res¬ 
ults  of  Fig.  9.2.  is  thought  to  be  due  to  the  presence  of  pbo 
which  is  a  very  effective  lubricant  (70).  At  the  higher  velocities 


the  increased  temperature  leads  to  a  larger  concentration  of 
PbO,  which  is  consistent  with  the  results  shown  in  Fig.  9.5. 

9.4  The  effect  of  film  thickness 

The  values  of  the  initial  coefficeint  of  friction  at  various 
values  of  film  thickness  for  both  lead  and  indium  are  shown  by 
the  experimental  points  in  Fig.  9.6  .With  very  thin  films  the 
high  value  of  the  coefficient  of  friction  is  associated  with 
breakthrough  of  the  film  by  mating  asperities  .This  effect  is 
lessened  as  the  film  thickness  increases.  However,  as  the  film 
thickness  increases  the  load-carrying  capacity  of  the  surface 
will  decrease,  which  leads  to  an  increasing  friction  coefficient 
Using  these  concepts  the  authors  have  developed  a  theoretical 
model  for  this  situation,  the  predictions  of  which  are  also 
shown  in  Fig. 9. 6  [7]  .The  matching  of  the  experimental  and 
theoretical  results  in  Fig.  9.6  requires  that  certain  unknown 
system  constants  are  appropriately  chosen.  These  constants 
define  the  relationship  between  the  contact  area  and  the  comp¬ 
liance  of  a  film-covered  asperity,  and  the  variation  of  surf¬ 
ace  hardness  with  film  thickness  and  with  such  constants  as  f 
and  ain  the  well  known  theory  of  friction.  The  shear  stressxxis 
x  =  f  T 

max 

where  0  <f<l,  and  the  equilibrium  equation  relating  xand  the 
contact  pressure  p  is 

p2  +  <x2t2  =  constant 


It  should  be  noted  that  the  film  life  characteristics  shown  in 


THE  EFFECT  OF  FILM  THICKNESS  ON  FRICTION 


Fig.  9.2  are  entirely  consistent  with  the  results  of  Fig. 9. 6. 
With  a  reasonable  initial  film  thickness  the  coefficient  of 
friction  is  small,  and  as  wear  reduces  the  effective  film 
thickness  its  value  increases  in  the  manner  shown  by  the  left- 
hand  limb  of  the  curve  in  Fig. 9. 6  which  is  confirmed  by  the 
results  shown  in  Fig  9.2  . 

Since  the  shape  of  the  curves  in  Fig. 9. 6  has  been  associated 
with  asperity  breakthrough  in  the  thin  film  regime,  surface 
roughness  must  be  an  important  parameter.  Some  experimental  and 
associated  theoretical  predictions  indicating  the  effect  of 
surface  roughness  o  in  this  regime  are  shown  in  Fig.  9.7. 

Theory  and  experiment  are  in  agreement  and  indicate  the  extreme 
importance  of  surface  roughness  for  very  thin  films  of  soft 
metals . 

The  effect  of  film  thickness  on  film  life  is  best  demonstrated 
by  the  parameter  of  film  life  per  unit  thickness  of  initial  film 
thickness,  (Fig.  9.8).  For  the  reasons  which  have  been  discussed 
previously  lead  is  superior  to  both  silver  and  indium.  None  the 
less  all  these  films  clearly  demonstrate  that  the  wear  rate  of 
the  film  is  much  less  for  thinner  films  than  for  the  thicker 
films,  and  this  tendency  accelerates  as  the  initial  film  thic¬ 
kness  decreases.  With  thick  films  it  is  considered  that  the  wear 
mechanism  is  essentially  a  process  of  microcutting  of  the  soft 
material.  As  the  film  thickness  decreases  many  more  contacts 
between  the  asperities  and  the  hard  substrate  occur,  so  that 
the  microcutting  failures  are  reduced  and  a  more  moderate 


Film  thickness  ,  t 


THE  MEASURED  LIFE  PER  UNIT  FILM  THICKNESS  FOR 
FILMS  OF  DIFFERENT  INITIAL  THICKNESS 


fatigue  and  possibly  an  abrasive  wear  mechanism  occurs  at  the 
substrate  contacts  [72]  . 

9 . 5  Wear  Mechanisms 

The  nature  of  the  wear  mechanisms  is  illustrated  in  the  scanning 
electron  micrographs  shown  in  Fig.  9.9  and  9.10  .  At  the  start 
of  the  test  the  surface  asperities  produce  a  microcutting  form 
of  wear  in  the  film  on  the  stationary  rider.  The  wear  rates 
vary  in  different  parts  of  the  contact  patch  and  produce  a 
build-up  of  wear  debris.  The  wear  rate  during  this  period  is 
high  and  is  responsible  for  most  of  the  loss  of  film  material. 

In  due  course  much  of  the  film  is  removed  leaving  a  very  thin 
non-  uniform  smear  of  solft  metal  on  parts  of  the  track.  The 
wear  debris  at  this  time  is  in  flakes  rather  than  particles  and 
a  more  steady  form  of  wear  rate  exists. 

When  the  bulk  of  the  film  material  has  been  removed  the  asperi¬ 
ties  of  the  disc  are  in  contact  with  the  substrate  of  the  rider. 
The  rate  is  considerably  reduced  producing  much  finer  wear 
particles.  This  debris  abrades  the  substrate  to  produce  a  poli¬ 
shed  appearance  of  the  film-substrate  interface.  The  very  much 
reduced  wear  rate  during  this  process  suggests  that  fatigue 
mechanisms  could  be  the  principal  mode  of  wear.  It  is  also 
belived  that  the  low  wear  rate  in  this  regime  arises  from  the 
special  characteristics  of  the  graded  interface  which  is  a 
feature  of  the  ion-plating  process. 


An  extensive  study  on  adherence  and  bonding  of  the  ion  plated 

% 

coatings  is  presented.  Details  of  physical  mechanisms  taking 
place  during  the  deposition  process  are  discussed.  Dominant 
factors  such  as  the  collision  factors,  ionization  efficiency, 
average  energy  and  ion  energy  distribution  are  reported  in 
details.  The  mechanisms  of  ion-solid  interactions,  nucleation 
and  atomistic  mixing  ^re  experimentally  investigated  before 
adhesion  testing  and  evaluation  is  considered.  Some  other  chara¬ 
cteristics  of  the  ion  plated  coatings  such  as  structural  detail 
mechanical  and  tribological  properties  are  also  included. 

In  conclusion 

A 

The  outstanding  adhesion  of  the  ion  plated  films  was  attributed 
to  the : 

1 .  Atomically  clean  surfaces  produced  by  sputter  etching  perior 
to  and  during  film  formation ' 

2.  Surface  defects  and  mobile  vacancies  produced  by  ion-solid 
interactions 

3.  High  energy  ion  entrapment  as  a  result  of  the  sputtering 
back  of  the  low  energy  particles 

4.  Atomistic  mixing  of  both  the  film  and  the  substrate  atoms  ' 

5.  Gas  scattering  resulting  in  finer  deposites  ' 

6.  Thermally  assisted  diffusion 

7.  Intermetallic  compounds  formed  at  the  film  substrate 
interface  for  the  compatible  metal  pairs 

8.  Extensive  graded  interfaces  for  incompatible  metal  pairs % 
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